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Summary

The renewed focus on global malaria eradication necessitates the discovery and development of
novel strategies to block the transmission of the Plasmodium parasites that remain a burden to
the health and socio-economic advancement of most developing nations to this day. A
comprehensive understanding of the processes that drive the development of the transmissible
gametocyte stages of the malaria parasite and the regulation thereof, is foundational for the
effective development of these strategies. The tight modulation of gene expression that directs
asexual parasite and gametocyte stage transitions throughout the P. falciparum life cycle has
been extensively documented. However, the vast majority of the mechanisms responsible for
this regulation, particularly for the gametocyte stage transitions, remain unknown. The
contribution of epigenetic mechanisms to transcriptional regulation in asexual parasites has also
been well studied. While unique histone post-translational modification landscapes have been
associated with each asexual and sexual stage, the functional relevance of histone modifications

for gametocyte stage transitions remained to elucidated.

In this study, the roles of H3K27me2&3 and H3K36me2&3 during early and intermediate
gametocyte development were examined. As H3K27me2&3 and H3K36me2&3 peak in
abundance and are present almost exclusively in the stage Il gametocytes, we hypothesised that
these histone modifications are crucially involved in the transcriptional reprogramming
associated with the transition from early gametocyte differentiation (stage I) to intermediate
development (stage Ill). To test this hypothesis, we employed chromatin immunoprecipitation
followed by high throughput sequencing, histone methylation profiling, transcriptional
fingerprint analysis of epigenetic inhibitor perturbations and molecular docking strategies.
Ultimately, the data generated from these approaches and conclusions drawn make substantial
contributions to the current body of knowledge regarding the epigenetic regulation in malaria

parasites.

More specifically, this study advances the understanding and provides novel insights into the

regulatory role of histone methylation in gametocyte differentiation and development. Firstly,
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we provide comprehensive genome-wide maps of H3K27me2&3 and H3K36me2&3 during early
and intermediate gametocyte development. Next, we show that these histone modifications are
independently involved in stage Il gametocyte-specific transcriptional regulation with key
repressive roles deconvoluted for each. The independent enrichment and repression of asexual
stage-specific genes, regulators of commitment and chromatin modifying enzymes demonstrates
that as in other eukaryotes, H3K27me2&3 and H3K36me2&3 not only silence irrelevant genes
directly but also reinforce this repression by modulating higher order epigenetic and
transcriptional regulators. Lastly, the transcriptional fingerprints of histone methyltransferase
and demethylase inhibition generated in this study illustrate the importance of epigenetic
mechanisms for gametocyte development, link the activity and potency of these inhibitors with
the disruption of normal histone modification patterns and identify candidate enzymes that may
be responsible for the stage Il gametocyte-specific abundance of H3K27me2&3 and

H3K36me2&3.

Ultimately, this thesis presents the first description of the roles of histone modifications and
importance of epigenetic regulation as a whole for the differentiation and development of the

transmissible stages of the P. falciparum parasite.
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Chapter 1

Introduction

1.1 The burden of malaria and the successes and challenges of global eradication

Malaria persists as a serious threat to human health and socio-economic advancement in most
of the developing world despite being both completely preventable and treatable. This
continued burden is reflected by the World Health Organisation’s (WHO) global estimate of 229
million cases of malaria in 2019 (1). In an effort to combat the disease, concerted
transdisciplinary endeavours by the WHO, Roll Back Malaria, Malaria Eradication Agenda and

other initiatives aim to achieve the elimination goals set out for malaria-endemic regions (1-3).

Africa remains the region most severely affected by malaria, contributing 94% of the global
deaths in 2019 (Figure 1.1a). The severity of the disease in Africa predominantly arises from the
prevalence of the most lethal malaria parasite species, Plasmodium falciparum and an abundance
of the highly efficient Anopheles mosquito vector species (4). However, the successes of
elimination programs are evident both in Africa and globally as a decline in malaria deaths
worldwide from 736 000 reported by 106 countries in 2000 to 409 000 across 87 countries in
2019. Furthermore, children under five years of age represent the most severely affected
demographic however, in 2019 this group contributed 67% of the global malaria deaths (Figure
1.1a), down from 84% in 2000 (1).

Once zero cases of indigenous malaria have been reported for three consecutive years, a country
becomes eligible to apply for a WHO certification of malaria elimination. In 2019, China and El
Salvador both reached this milestone and are thus now considered to have eliminated the
disease (Figure 1.1b). These successes lend themselves to the global malaria eradication strategy

and are underpinned by interdisciplinary approaches for preventing and treating the disease.
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Figure 1.1: The continued global burden of malaria. (a) Malaria deaths per WHO 2019 global estimates categorised by region
(number and % of total deaths indicated) and age group (=5 years or below 5 years, % of total deaths). Legend: E. Med. = Eastern
Mediterranean region, SEA = South-East Asian region. (b) Malaria case numbers per country in the context of elimination in 2019.

Countries with zero cases over three or more consecutive years are certified as having eliminated malaria by the WHO (blue),
with those receiving certification in 2019 highlighted with a star on the map. Image adapted from World Malaria Report, 2020

(1).
Preventative measures include vector control, primary health promotion and education and the
use of chemoprophylaxis in vulnerable populations. The treatment of malaria involves the

administration of chemotherapeutics that kill the parasites in infected patients (5-7).

1.1.1 Malaria prevention

Integrated vector management (IVM) strategies are widely used to target the Anopheles
mosquitoes that transmit malaria parasites between human hosts (8). These include the use of
insecticide-treated bed nets, larviciding programs that kill the immature, aquatic stages thereby
reducing the adult mosquito population and indoor residual spraying (IRS) to eliminate adult
mosquitoes in dwellings (9-11). South Africa’s IVM program primarily focuses on IRS using
dichlorodiphenyltrichloroethane (DDT) (12), an insecticide that is approved for use in countries
nearing malaria elimination (13). In addition to the management of vectors, South Africa’s
malaria control program includes the frequent training of health workers and stock management
of diagnostic tools at primary health care facilities to ensure the early detection of malaria-

infected patients (14).

In 2019, programs were initiated to vaccinate African children against P. falciparum malaria using

RTS,S, the first vaccine ever licensed for use against a human parasitic disease (15, 16). However,
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the use of this vaccine is controversial due to its limited efficacy (15-50% effective in children 5-
17 months of age) (17). More recently, the new candidate vaccine, R21/Matrix M was shown to
be safe and highly immunogenic in Africa children (5-17 months of age) with 77% efficacy
maintained for up to a year following completion of the vaccination program (18). As a relatively
small number of participants (450 individuals) were included in this primary study, larger trials
will be required to confirm these results prior to the approval of the vaccine for general use.
Therefore, malaria vaccine research is ongoing with recent suggestions for the development of
additional malaria vaccine candidates using the mRNA technology common to several of the

COVID-19 vaccines (19).

Chemoprevention of malaria takes two forms: 1) the short-term administration of
chemoprophylactic treatment for individuals visiting malaria endemic areas and 2) intermittent
preventative treatment (IPT) for high-risk groups living in regions with malaria (20). IPT is
currently recommended for pregnant women (IPTp) and infants (IPTi) with evidence supporting
its use in school-age children to protect these individuals and reduce overall transmission levels

(20-22).

1.1.2 Malaria treatment

Treatment of malaria-infected patients involves chemical-based parasite control interventions.
In accordance with the WHO-recommended first-line treatment for malaria, South Africa uses
artemisinin-based combination therapies (ACTs) to treat patients with uncomplicated malaria
(14). ACTs contain a derivative of artemisinin, a compound originally isolated from Artemisia
annua plants that reduces parasite numbers and acute symptoms within the first three days of
treatment. This is combined with a longer-acting partner drug that is able to eliminate the
residual parasites in circulation (1, 23). In addition to the use of ACTs to treat the symptoms of
malaria, patients may also be prescribed a single dose of primaquine (24, 25). Primaquine
specifically targets the transmissible stages of the parasite life cycle making it an ideal tool to

prevent secondary transmission and facilitate malaria elimination (24, 26, 27).
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Although ACTs are widely used to treat malaria, the emergence of ACT-resistant parasites in
recent years has led to increased mortality and is cited as an important barrier to global
eradication (19, 28). This is unsurprising given that Plasmodium parasites have developed
resistance mechanisms against all historically used drugs from the major anti-malarial compound
classes including the quinolines (e.g. chloroquine), antifolates (e.g. pyrimethamine) and

artemisinins (e.g. dihydroartemisinin) (29-32).

1.1.3 Drug resistant malaria

Drug resistance is defined as the ability of parasites to survive and/or proliferate when exposed
to drug concentrations greater or equal to those usually required to inhibit these processes in
susceptible parasites (33). Drug-resistant phenotypes can be acquired by two mechanisms: 1) an
increase in gene copy number and 2) mutation of genes that are associated with a compound’s
mode-of-action or mechanism of resistance (30, 34). For example, amplification of the multi-
drug resistance 1 gene (mdr1) is linked to in vitro parasite resistance and the clinical failure of
mefloquine, lumefantrine, quinine and artemisinin derivatives (35-37). The delayed parasite
clearance associated with artemisinin resistance can arise from mutations in the kelch13 gene
(k13) (38, 39) that have been detected alongside the clinical failure of ACTs in six Asian countries.
Parasites with k13 mutations are becoming increasingly more prevalent across the Horn of Africa

however, these have yet to affect the efficacy of the ACTs used in the region (1).

The spread of ACT-resistant parasites in recent years necessitates the expedited discovery and
development of novel anti-malarial compounds. Furthermore, the global malaria eradication
agenda requires that these compounds be pan-active, targeting multiple stages of the parasite’s
life cycle (40). To this end, the drug discovery community has detailed the types of molecules
(target candidate profiles, TCPs) and product formulations (target product profiles, TPPs) that will
be most useful as the next generation of anti-malarial medicines (40). Delineating the effects of
anti-malarials on the parasite is critical given the high value of candidate molecules and products
with activity against multiple life cycle stages. However, such characterisation requires a

thorough understanding of malaria parasite biology which is currently incomplete. Therefore,
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the renewed interest in global malaria eradication and the goals set out to achieve this
necessitate a greater focus towards understanding the fundamental biology of Plasmodium

parasites (40, 41).

1.2 The life cycle of P. falciparum parasites

The P. falciparum parasite life cycle is complex, unfolding in both the human host and mosquito
vector with parasites progressing through several asexual and sexual stages (42). The asexual and
sexual developmental pathways are mutually exclusive with the decision to commit to one or the
other fate determined either in the current (same-cycle conversion, SCC pathway) or the
preceding (next-cycle, NCC pathway) asexual proliferative cycle and stably maintained thereafter

(43-45).

1.2.1 Asexual proliferation

Malaria infections are established when mature sporozoites are injected into the human during
mosquito feeding (Figure 1.2). Aided by the circulatory system, the self-propelled sporozoites
are then transported to the liver where they invade hepatocytes and undergo a 14-day process
of exoerythrocytic development (46). Subsequently, schizogony occurs in which short-lived
daughter merozoites are released into the blood stream to invade erythrocytes (47). Once inside
the host erythrocyte, the intraerythrocytic developmental cycle (IDC) is established with the
merozoite developing into a haploid ring-stage parasite within the first two hours after invasion.
Within the next eight hours, the ring stages develop into metabolically active trophozoites that
are characterised by increased cytoplasmic volume and the appearance of a hemozoin crystal, a

by-product of haem detoxification (48).

Following sufficient growth, the parasite undergoes several rounds of DNA replication and
nuclear division, yielding a schizont containing 16-32 daughter merozoites. The schizont
ruptures, releasing these merozoites that then go on to invade new erythrocytes, re-initiating the

48-hour asexual IDC that is responsible for malaria pathology (42).
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Figure 1.2: The life cycle of P. falciparum parasites. The life cycle begins with the injection of sporozoites by a
mosquito vector into the circulatory system of a human host. The sporozoites then travel to and invade liver cells,
ultimately forming hepatic schizonts that rupture, releasing merozoites into the peripheral circulation. These
merozoites invade erythrocytes and initiate a cycle of asexual proliferation that involves development into ring-,
trophozoite- and schizont-stage parasites. Schizonts then rupture to release new daughter merozoites that repeat
this cycle once again. Within each cycle, a small proportion (£10%) of the parasites will deviate from this fate and
instead commit to sexual differentiation. Sexually committed merozoites also invade erythrocytes and form stage |
gametocytes that sequester in the bone marrow where subsequent maturation into stages II-IV occurs.
Gametocytogenesis yields mature stage V gametocytes that re-enter into the host’s circulatory system where they
are ideally situated for transmission to the mosquito during feeding. Once taken up, gametogenesis ensues in the
mosquito midgut in which male microgametes fertilise female macrogametes to form diploid zygotes. Zygote
development involves maturation into an ookinete and then the oocyst that contains new, maturing sporozoites.
Finally, the oocyst ruptures, releasing sporozoites that travel to the mosquito’s salivary glands where they will be
transmitted to a new host during feeding. Images taken during the microscopic evaluation of Giemsa-stained stage
|-V gametocytes are shown.
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1.2.2 Sexual commitment and differentiation

In each IDC, a small subset (£10%) of parasites commit to sexual differentiation and undergo a
specialised process of cellular differentiation that secures transmission back to the mosquito (44,
49). Firstly, these sexually committed parasites complete the replicative IDC with the daughter
merozoites that emerge going on to invading new erythrocytes and initiate gametocytogenesis
(Figure 1.2) (50, 51). As this additional round of post-commitment replication is not obligatory,
parasites may also undergo SCC in which ring-stage parasites switch directly to sexual
differentiation (45). Whether parasites commit via the NCC or SCC route is determined by the
temporal expression of the factors that drive sexual differentiation (45, 52). Irrespective of the
route taken, gametocytogenesis entails the differentiation and development of five (stages I-V)
morphologically distinguishable stages in P. falciparum (Figure 1.2). Unlike the gametocytes of
other human malaria parasites that take between 24 and 48 hours to mature, P. falciparum
gametocytes undergo an extended 10- to 14-day process of development (44, 53). Stage |
gametocytes are morphologically similar to the asexual trophozoite stages, distinguishable only
by their diffuse distribution of haemozoin crystals that contrasts with the punctate clusters that
are indicative of haemoglobin digestion in trophozoites (54). Additionally in vivo, the stage |
gametocytes are predominantly present in the bone marrow while the trophozoite stages are
associated with microvasculature sequestration (55, 56). The sequestration of gametocyte-
infected erythrocytes in the bone marrow persists throughout the development of stages I-IV
(Figure 1.2) (55, 57). Host erythrocyte remodeling during the early steps of differentiation
facilitate this sequestration and enable gametocytes to avoid splenic clearance (58, 59).
Specifically, the multi-gene families encoding the STEVOR, RIFIN and gametocyte exported
proteins (GEXPs) are implicated in the establishment and maintenance of bone marrow
sequestration (60-62). The development of the inner membrane complex (IMC) and supporting
microtubule substructure culminate in the formation of the D-shape that characterises stage |l
gametocytes (44). In stage lll, sexual dimorphism becomes discernible and gametocytes appear
elongated into an oval shape with one of the lengths curved and the other straight, supported by
a completed IMC and microtubule scaffold (63). This shape further elongates in stage IV

gametocytes to resemble a spindle shape with cuspated ends. The sexes of stage IV gametocytes
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are more readily distinguishable from one another with haemozoin in females concentrated into
punctate foci that contrast with the dispersion of these crystals in male gametocytes (64).
Gametocytogenesis ultimately yields stage V gametocytes with a characteristic crescent shape
with rounded ends. Stage V gametocytes enter the peripheral circulation of the human host to
be taken up by a mosquito during feeding (Figure 1.2). Female stage V, or macrogametocytes,
are slightly more curved and elongated compared to male microgametocytes (63). Upon
ingestion, the stage V gametocytes enter a vastly different microenvironment with a lower
temperature (25°C), an increased pH (8.0 compared to 7.3 in the human host) and concomitant
exposure to the xanthurenic acid present in the mosquito midgut. These three environmental
conditions trigger egress from erythrocytes and initiate gametogenesis (65, 66). Male
gametogenesis involves rapid DNA replication followed by endomitosis and axoneme formation
to yield eight microgametes within 20 minutes (67, 68). Axoneme development is critical for
microgamete motility during and after exflagellation, the process in which male gametes are
released into the environment for fertilisation (68, 69). The process of female gametogenesis is
less conspicuous however, it entails the translation of a large pool of mRNAs that were
synthesised and translationally repressed in the preceding gametocyte stages (70). The synthesis
of these transcripts in advance ensures that female gametogenesis rapidly produces a
macrogamete (one gamete per female gametocyte) containing the proteome required for zygote
formation (71, 72). During fertilisation, the male and female gametes fuse to form a diploid
zygote that subsequently develops into an ookinete and then oocyst (Figure 1.2) (73). Oocysts
undergo sporogony in which asexual replication generates many haploid sporozoites. These
sporozoites are then released and travel to the mosquito’s salivary glands in preparation for

transmission to a new human host (74).

1.3 Regulation of P. falciparum parasite fate

The binary fate associated with intraerythrocytic development in malaria parasites is determined
by cooperating environmental and genetic factors. The earliest studies of binary fate regulation

were based on identifying the genetic aberrations in parasites that had lost the ability to produce
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gametocytes in vitro (75-77). Whole-genome sequencing of such gametocyte-deficient lines and
more recently, the use of inducible expression systems, have identified the key genetic regulators
that underly the decision to proliferate or differentiate (78). Here, the determinants of fate in

Plasmodium parasites will be dissected.

1.3.1 Extrinsic determinants of fate

Several extrinsic drivers of fate have been proposed and investigated including changes in host
physiology, variation in in vitro conditions, increased parasitaemia, anti-malarial drugs and
certain toxins (79-82). For example, both chloroquine and the cholera toxin are associated with
amplified gametocyte commitment while reticulocytopenia can significantly increase a host’s
gametocyte load (79-81). However, the mechanisms underlying these increases and their role in
gametocyte conversion remain somewhat controversial (83). By contrast, the role of
lysophosphatidycholines (lysoPCs) in determining Plasmodium parasite fate has been well
demonstrated. LysoPCs are abundant in human serum with physiological concentrations of these
lipids stimulating parasites to continue proliferating asexually (84). Phosphatidylcholines (PCs)
are the most prolific of the phospholipids in the Plasmodium parasite membrane and therefore
asexual proliferation requires a rapid production of PCs via the Kennedy pathway (85). Host
serum LysoPCs are the precursor molecules required for the Kennedy pathway and thus, an
adequate supply indicates ideal conditions for proliferation (85). By contrast, the depletion of
lysoPC concentrations induces the upregulation of several intrinsic factors that drive the switch

to sexual differentiation (84).

1.3.2 Intrinsic determinants of fate

Currently, the specific mechanism linking lysoPC depletion with the cessation of asexual
proliferation and the concurrent switch to sexual differentiation is unclear. Nevertheless, several
essential genetic factors have reproducibly been shown to be upregulated upon this cue and

drive sexual differentiation in P. falciparum, indicating the conservation of commitment
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regulatory mechanisms in malaria parasites (77, 86). Moreover, variable characteristics of
gametocyte commitment may also be present and are dictated by genotypic diversity between
parasite populations. For example, a recent study identified that parasites circulating in low-
transmission settings have adapted to produce more gametocytes at the expense of reduced
asexual proliferation compared to parasites in high-transmission areas (87). Irrespective of the
number of gametocytes produced however, the commitment process is driven by AP2-G, a
member of the Apicomplexan-specific Apetala2 (ApiAP2) DNA binding domain-containing protein
family (88). Due to the essential nature of this transcription factor (TF) for sexual commitment,
AP2-G has been heralded as the master regulator of gametocytogenesis (86). During the IDC, the
ap2-g locus is populated with an abundance of repressive factors, including heterochromatin
protein 1 (HP1) that is recruited by the histone post-translational modification (PTM), H3K9me3
to silence this gene (Figure 1.3) (89, 90). Additionally, the expression of the gametocyte
development protein 1 gene (gdv1) is inhibited by its own antisense RNA (asRNA) during asexual
proliferation (90). Upon the cue for commitment, GDV1 is upregulated and evicts H3K9me3/HP1.
This complex is subsequently replaced by the activating histone PTM H3K9ac, followed by a loss
of the heterochromatic environment at the ap2-g locus. This de-repression promotes the
transcription of ap2-g that is subsequently maintained by a positive feedback loop (Figure 1.3)
(90, 91). Sequence-specific binding of AP2-G to promoters containing the ‘GTAC’ motif results
the transcriptional activation of hundreds of genes. These genes are predominantly involved in
commitment and early gametocyte development and include those encoding invasion proteins
that are co-regulated by a second AP2 TF, AP2-1 during early commitment (52, 86, 91).
Additionally, AP2-G2 is associated with silencing of genes that have asexual proliferation-specific

functions (Figure 1.3) (92).
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Figure 1.3: Mechanisms of binary fate decision in Plasmodium parasites. Under normal physiological
lysophosphatidylcholine (lysoPC) levels (green arrow), gdvl and ap2-g are silenced by anti-sense RNA (asRNA)
expression and H3K9me3/heterochromatin protein 1 (HP1)-mediated heterochromatin, respectively. Asexual-
related genes are expressed to drive parasite proliferation. Upon lysoPC depletion (red arrow), expression of gdvi
sense mRNA occurs. GDV1 evicts HP1 at the ap2-g locus which additionally becomes populated with H3K9ac.
Together, these changes result in the expression of AP2-G with subsequent transcription stimulated through a
positive feedback loop (+). AP2-G binds and transcribes early gametocyte-specific genes and together with AP2-I,
regulates the expression of invasion genes. AP2-G2 is associated with the repression of asexual-related genes during
gametocytogenesis. These mechanisms cooperatively drive the switch from asexual proliferation to sexual
commitment and subsequent gametocyte differentiation.
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Outside of these intrinsic determinants of fate, a vast array of other regulatory mechanisms
orchestrates both asexual and sexual stage transitions and life cycle progression in Plasmodium
parasites. These regulatory systems, including transcriptional, post-transcriptional and

epigenetic mechanisms, will be discussed in greater detail below.

1.4 Regulation of P. falciparum life cycle progression

The complexities of the Plasmodium life cycle are evident from the array of developmental stages
and cycles that are compartmentalised into diverse host cell types within different species. The
unique biology of each stage is underpinned by precise the transcriptional regulation of stage-

specific gene sets (93-95).

1.4.1 Transcriptional regulation of the P. falciparum genome

The P. falciparum genome, consisting of 23 Mb of DNA divided into 14 chromosomes, has
extremely low complexity in both coding (80% A/T content) and non-coding (90% A/T content)
regions (96, 97). During replication of such low complexity DNA, polymerase slippage introduces
insertions and deletions that contribute to genetic diversity and promote antigen variability
between parasite strains (98, 99). Each of the ~5600 P. falciparum genes have a typical eukaryotic
gene structure consisting of a promoter sequence, an open reading frame and intergenic regions
(97). Thus, gene expression also proceeds in the characteristic eukaryotic manner involving

nuclear mRNA synthesis and processing followed by cytoplasmic translation (98).

Throughout asexual proliferation, ~80% of the P. falciparum parasite genome is expressed in a
“just-in-time” manner with the cyclic nature of this process evident from >75% of the genes that
have peak transcript abundance only once throughout the IDC (93, 100). Similarly in
gametocytes, transcription is regulated in a hierarchical manner that dictates the processes of
gametocyte differentiation and development (94). These ordered transcriptional cascades are
governed by an interplay between typical eukaryotic cis-acting DNA regulatory elements and

trans-acting elements (e.g. TFs) that are largely conserved in Plasmodium parasites (101, 102).

12
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For example, transcription in Plasmodium parasites is initiated at TA dinucleotides that are
present in conventional TATA-box regulatory elements (103, 104). The local G/C base
composition downstream of transcriptional start sites (TSSs) guides the identification and usage
of these initiation sites within the low-complexity genome (105). Additionally, the presence of
promoter-proximal and distal regulatory elements, some of which have been associated with
stage- or function-specific transcription, indicate that genes are also regulated by distance-

independent cis-acting elements in Plasmodium parasites (106-108).

Regarding trans-acting regulatory elements, Plasmodium parasites have relatively few TFs
compared to other eukaryotes, implying that other regulatory mechanisms (e.g. epigenetic
regulation) may be more important for transcriptional control (109). Prior to the identification
of the ApiAP2 TFs in 2005, only a few sequence-specific TF binding domains had been identified
for Plasmodium parasites including myeloblastosis (MYB), high mobility group B (HMGB) and
C2H2 zinc fingers (109-113). Indeed, MYB1 is the only non-ApiAP2 TF validated as essential for
cell cycle progression in P. falciparum parasites (114, 115). By contrast, the 27-member ApiAP2
family has been relatively well-studied in recent years with both repressor and activator functions
described for the individual TFs (52, 88, 92, 110, 116-120). The ApiAP2s are expressed
throughout the asexual and sexual stages of the Plasmodium life cycle with certain of these linked

to the expression of stage-specific gene sets (86, 92, 94, 119).

1.4.2 Post-transcriptional and post-translational regulation

mMRNA transcripts in Plasmodium parasites are subject to many of the conventional eukaryotic
post-transcriptional and -translational control mechanisms, such as alternative splicing, mRNA
stabilisation and non-coding regulatory RNAs (121). Peak protein levels may be achieved as early
as ten hours after the synthesis of the corresponding mRNA transcripts, highlighting the
importance of immediate and subsequential translation of mRNAs for the progression of the
Plasmodium parasite life cycle (122). Alternatively, certain transcripts may be stabilised by
mRNA-ribonucleoproteins (MRNP) in a process known as translational repression (112, 123, 124).

MRNPs mediate this repression in one of two ways: 1) directly blocking the translation of the

13
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transcript, or 2) stabilising mRNAs to prevent degradation and enhance their fidelity for later use
(101). mRNPs identified in Plasmodium parasites include the DOZI-CITH complex (DDX-6 class
DEAD box RNA helicase and Sm-like factor homolog of CAR-I and Trailer Hitch) and pumilo family
proteins (PUF2) with the crucial roles of these proteins clearly defined during gametocytogenesis

(125-127).

Non-coding RNAs (ncRNAs) regulate various eukaryotic processes including chromosome
maintenance, transcription, translation and enzyme activity (128). Although hundreds of ncRNAs
have been identified in Plasmodium parasites, only a few of these such as the telomere-
associated repeat elements (TAREs), have been functionally characterised. TAREs regulate
telomere maintenance and the expression of virulence genes (129, 130). Additionally, certain
small ncRNAs were recently identified to be exclusively expressed in gametocytes, suggesting

stage-specific roles for these molecules (106).

In addition to the abovementioned mechanisms, chromatin status is substantially reorganised
throughout the P. falciparum life cycle and is thought to be a strong, overarching influence on
the progression of the parasite from one stage to the next (131). Accordingly, recent studies
have begun to document the importance of the epigenetic landscape, encompassing three-
dimensional genome organisation, histone and chromatin modifiers and nucleosome positioning
(89, 132-135), in Plasmodium parasites. To dissect and describe the unique aspects of epigenetics
in Plasmodium, it will first be useful to examine the contribution of epigenetic mechanisms in the

broader context of eukaryotic gene regulation.

1.5 Epigenetic regulation in eukaryotes

The study of epigenetics aims to understand heritable changes in gene expression that do not
involve alterations to the underlying DNA sequence (136). Epigenetic changes are predominantly
non-permanent with the sum of all these modifications collectively referred to as the epigenome
of a cell. By regulating cell type- and stage-specific gene sets, the epigenome is a major
determinant of cellular phenotype (137). The prokaryotic epigenome consists of an extremely
limited repertoire of regulatory factors. DNA methylation, the only epigenetic mechanism
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described in prokaryotes thus far, influences transcription rate and directs DNA damage repair
(138-141). In eukaryotes, this methylation predominantly occurs at cytosine nucleotides that are

guanine-adjacent (CpG sites) and is involved in both transcriptional activation and silencing (142).

Within the nucleus, genomic DNA is tightly wrapped around nucleosomes (146 bp/unit)
containing an octamer of two molecules of each of the four core histone proteins (two H2A/H2B

dimers and an H3/H4 tetramer) (Figure 1.4).
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Figure 1.4: Eukaryotic chromatin structure. Within the eukaryotic nucleus, 146 bp segments of double-stranded (ds)
DNA are coiled around histone octamers (two molecules of each core histones: H3, H4, H2A and H2B, with the N-
terminal tails exposed for modification) proteins, forming nucleosomes. These nucleosomes, the basic structural
units of chromatin are then condensed into fibers that either exist in a euchromatic state or are further condensed
to form heterochromatin. Various epigenetic mechanisms alter chromatin structure and thus accessibility of the
DNA to transcription factors.

Histone proteins are rich in lysine (K) and arginine (R) residues that neutralise the negative charge
of DNA and allow the formation of nucleosomes. The four core histones are structurally similar:
three a-helices form a fold that mediates associations with adjacent histones and an N-terminal
tail extending outwards from the nucleosome (Figure 1.4). These nucleosomes are condensed
into fibers that subsequently exist as open euchromatin or are further condensed to form

compact heterochromatin (143). Euchromatin is accessible to TFs while heterochromatin
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prevents these proteins from interacting with DNA and thus alterations to chromatin structure
influence the level of transcription (144, 145). Further compaction of chromatin fibers is
influenced by highly ionic environments and via an interaction between histone protein H1 and
the linker DNA that joins adjacent nucleosomes (146). After the translation of H1, the protein
may undergo modification with chemical groups that influence its DNA-binding affinity (147,

148).

Nucleosomes are modified in a variety of ways that influence chromatin structure and
accessibility. Firstly, chromatin remodeling complexes promote or restrict DNA accessibility by
repositioning nucleosomes at new locations or completely evicting them from the chromatin

structure (Figure 1.5) (145).
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Figure 1.5: Eukaryotic chromatin remodeling mechanisms. Chromatin remodeling complexes hydrolyse ATP to drive
the eviction of nucleosomes from chromatin (A), reposition nucleosomes at new locations (B) or exchange canonical
histones for their variants (C). Mechanisms A-C regulate chromatin status and thereby influence the transcriptional
accessibility of DNA.

Nucleosome depleted regions (NDRs) within promoters enhance DNA accessibility, thereby
promoting the binding of the transcription pre-initiation complex. By contrast, at silent gene
promoters this interaction is inhibited by a dense population by nucleosomes (143, 145).
Eukaryotic NDRs are characterised and flanked by two strongly positioned nucleosomes: the -1
nucleosome (upstream) and +1 nucleosome (downstream). The distance between transcription
start sites (TSSs) and strongly positioned +1 nucleosomes vary between species, reflecting the

divergence of transcriptional regulatory mechanisms (149, 150).
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Other remodeling complexes may influence the stability of nucleosomes by exchanging the
canonical histones for their variants (e.g. H2A.Z and H3.3) (Figure 1.5). While less common than
H3 and H2A variants, some eukaryotes encode H4 and H2B histone protein variants, such as
H2B.Z in Plasmodium parasites (151). Finally, nucleosome and chromatin stability are regulated

by the plethora of PTMs that may be present on the N-terminal histone tails (144, 152).

1.5.1 Eukaryotic histone post-translational modifications

Histone PTMs include methylation, acetylation, phosphorylation, ubiquitylation and
SUMOylation with the former two modifications most commonly observed and thus, most well-
studied to date (152, 153). Given their influence on gene regulation and relevance for this study,
this section focuses on the transcriptional effects associated with histone PTMs. Nevertheless, it
is important to note that the functions of histone PTMs are not limited to transcriptional control

but also include other pertinent cellular processes such as DNA replication and repair (154, 155).

There are two mechanisms by which histone PTMs exert their effects on transcription: 1) direct
perturbation of chromatin structure and 2) the regulation of effector (or “reader”) protein
binding (143, 156). PTMs that alter the overall charge of histones (e.g. lysine acetylation and
serine phosphorylation) directly disrupt their electrostatic interactions with DNA and thereby
enhance chromatin accessibility (157). The addition of large chemical groups (e.g. ubiquitin)
physically induces conformational changes and thus alters the stability of nucleosomes and
chromatin. Alternatively, small modifications that do not affect histone charge (e.g. lysine
methylation) mediate changes by recruiting other proteins (e.g. chromatin regulators and TFs)

that subsequently shape chromatin structure and accessibility (152).

Phosphorylation of serine, threonine and tyrosine residues predominantly occurs at the N-
terminal of the histone tail with phosphate groups added and removed from by kinases and
phosphatases, respectively (156, 158). In addition to increasing the overall negative charge of
DNA, phosphorylate histones also directly recruit TFs to DNA (159). Ubiquitylation involves the
covalent modification of lysine residues with one or more large (76-amino acid) ubiquitin

polypeptides. Ubiquitylation is most well-characterised for histone H2A and H2B with the mono-
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ubiquitylation of H2AKK119 and H2BK123 associated with transcriptional repression and
activation, respectively (160-162). The modification of lysine with the small ubiquitin-like
modifier (SUMO) has been detected on all four of the canonical histones (163). SUMOylation
physically inhibits the accumulation of acetylation and ubiquitylation PTMs and thus is

predominantly associated with repressive functions (164, 165).

Histone lysine, and to a lesser extent arginine, residues are subject to modification with up to
three methyl groups, generating mono-, di- or tri-methylated states. Whether these histone
PTMs functions as activators or repressors of transcription is determined by the position of the
lysine within the histone tail, the degree of methylation and the position relative to gene
regulatory elements (Figure 1.6a) (143, 145). For example, when associated with promoters,
H3K36me3 represses transcription while the presence of this histone PTM in coding regions
(CDRs) is indicative of recent transcriptional activity (166-168). Additionally, the local chromatin
environment may also influence the transcriptional effects of histone PTMs (169). This has been
observed for enhancers enriched with H3K4me1, a PTM that attracts or repels reader proteins
depending on DNA methylation status and the presence of histone modifier enzymes (Figure

1.6a) (170-172).

Acetylation is predominantly associated with actively transcribed gene as these PTMs weaken
DNA-histone electrostatic interactions, thereby generating a euchromatic environment (143,
173). The dynamic balance between acetylation and methylation at certain lysine residues (e.g.
H3K4, H3K27 and H3K36) (Figure 1.6a), is of critical importance for transcriptional regulation
(170, 172, 174).
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Figure 1.6: Acetylation and methylation of histone lysine residues. (a) Common repressive (orange) and activating
(green) histone PTMs categorised based on their genomic position. Certain lysine residues can be acetylated or
methylated with these two modifications having various effects on transcription. Nucleosome depleted regions
(NDRs) are characteristic of euchromatin. (b) Lysine residues at the N-terminal end (N’) of histone proteins are
subject to acetylation by histone acetyltransferases (HATs) that require acetyl-CoA (donor) and yield CoA, the
removal of acetyl groups by histone deacetylases (HDACs), mono- (mel), di- (me2) and tri-methylation (me3)
catalysed by histone methyltransferases (HMTs) that require S-adenosyl methionine (SAM) as a methyl donor (yields
S-adenosylhomocysteine) and the eviction of methyl groups from lysine residues by histone demethylases (HDMs).
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The methylation and demethylation of histones is performed by histone methyltransferases
(HMTs) and histone demethylases (HDMs), respectively (Figure 1.6b). S-adenosylmethionine
(SAM) is the methyl-donating substrate of HMTs and catalyses the formation of a methylated
lysine and S-adenosylhomocysteine (SAH) (175-177). As these PTMs do not alter histone charge,
the transcriptional changes they mediate are predominantly carried out by the trans-acting
reader proteins that recognise them (178). Histone acetyltransferases (HATs) catalyse the
transfer of an acetyl group from acetyl-CoA to lysine, generating CoA during this process (Figure
1.6b) (145, 174). The removal of acetyl groups by histone deacetylase (HDAC) activity is

associated with the cessation of transcription.

In addition to the vast array of individual histone PTMs, the combinatorial effects of co-occurring
modifications are posited as an additional layer of epigenetic regulation. This “histone code”
hypothesis predicts that a distinct set of histone PTMs, acting either sequentially or in
combination, represent a code that specifies a unique biological outcome (179). While only a
handful of histone PTM combinations have been functionally validated (157, 180, 181), the
histone code hypothesis further highlights the complexity and importance of epigenetic

regulation in eukaryotes (179).

Many of the abovementioned mechanisms are conserved across eukaryotic species, including
Plasmodium parasites. The exceptional selective pressures encountered by malaria parasites
have driven the evolution of a distinct epigenome encompassing both atypical and typical
eukaryotic features (131, 182). These unique and shared facets of the Plasmodium parasite’s

epigenetic landscape will now be discussed in detail.

1.6 Epigenetic regulation of P. falciparum life cycle progression

1.6.1 The P. falciparum nucleosome

Compared to higher eukaryotes, Plasmodium chromatin structure is considerably less stable with

this manifesting as a relatively accessible genome (183). Nevertheless, the ubiquitous eukaryotic
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nucleosome structure is largely conserved in Plasmodium parasites, consisting of DNA similarly
associated with an octamer of the four core histone proteins. These proteins may be exchanged
for the four variant histones (H2A.Z, H2B.Z, H3.3 and H3Cen) that have particular functional
characteristics in Plasmodium parasites (151, 184). Typically, the replacement of H3 by CenH3 or
H3.3 occurs at centromeres and active gene regulatory elements, respectively (185, 186). While
H2A.Z generally demarcates the 5 promoter regions of all genes irrespective of their
transcriptional status, H2A/H2A.Z exchange at var gene promoters is involved in antigenic
switching (187, 188). H2B variants are relatively uncommon in eukaryotes with Apicomplexa
having independently evolved the lineage-specific H2B.Z (previously H2Bv) (189, 190). In
Plasmodium parasites, H2B.Z is associated with the euchromatic histone PTM, H3K4me3 and is
present in H2A.Z/H2B.Z double-variant nucleosomes that primarily occupy var gene introns and
other intergenic regions across the genome (191). As in other Apicomplexans, no homologs of
the linker histone H1 have been identified in Plasmodium parasites (192, 193). This lack of H1 is
unsurprising and likely contributes to the characteristic low nucleosome stability and absence of
chromatin condensation during mitosis in the parasite (194). Nucleosome density in Plasmodium
parasites contributes to the accessibility of chromatin in a manner congruent to that occurring in
higher eukaryotes. NDRs are frequently observed in promoters with a greater degree of
nucleosome depletion corresponding to greater transcriptional activity. However, these NDRs
are atypical in that they are not flanked by strongly-positioned +1 nucleosomes, rather these
nucleosomes are present at the starts and ends of coding regions (195-199). In addition to the
dynamic positioning and structure of nucleosomes, an array of histone modifying enzymes that
expand the regulatory capacity of these basic chromatin units have been described for

Plasmodium parasites.

1.6.2 Histone modifying enzymes in P. falciparum

As in model organisms, the writers and erasers of acetyl and methyl histone PTMs are the most
extensively studied. To date, four HAT-encoding genes (hatl, PF3D7_0416400; gcn5,
PF3D7_0823300; myst, PF3D7_1118600 and PF3D7_0809500) have been identified in P.
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falciparum parasites (200). Although the site specificity of P. falciparum HAT1 remains to be

elucidated, homologs in higher eukaryotes acetylate the H4K5 and H4K12 residues to distinguish

newly synthesised histones (201, 202). The acetyltransferase activities of GCN5 and MYST are

specific to the lysine residues of H3 and H4, respectively (203, 204).

Table 1.1. Histone methyltransferases and demethylases in P. falciparum parasites

Protein Gene ID Site of activity and function (and reference)
Histone methyltransferases
SET1 PF3D7_0629700  Writer of H3K4me3 (200)

SET2 (SETvs)

PF3D7_1322100

Writer of H3K36me2&3, var gene regulation (205, 206)

SET3 PF3D7_0827800  Writer of H3K9me2&3 (207-209)

SET4 PF3D7_0910000 Writer of H3K4 PTMs (200, 208)

SETS PF3D7_1214200 Unknown (200)

SET6 PF3D7_1355300  Writer of H3K4 PTMs (200, 208)

SET7 PF3D7_1115200  Writer of H3K4, H3K9 and H3K27 PTMs (in vitro) (200, 210)

SET8 PF3D7_0403900  Writer of H4K20mel&2&3 (200, 205, 207)

SET9 PF3D7_0508100  Unknown (200)

SET10 PF3D7_1221000 Writer of H3K4me3, present at expressed var gene (200, 211)
Histone demethylases

JMIC1 PF3D7_0809900 Eraser of H3K9 and H3K36 PTMs (200, 205)

JMJC2 PF3D7_0602800  Unknown (200, 205)

JMJ3 PF3D7_1122200 Eraser of H3K36 PTMs (200, 212)

LSD1 PF3D7_1211600 (200, 208)

HAT activity is antagonised by the five HDACs present in P. falciparum parasites: HDA1

(PF3D7_1472200) HDAC1 (PF3D7_0925700), HDA2 (PF3D7_1008000), SIR2A (PF3D7_1328800)

and SIR2B (PF3D7_1451400). During commitment, transcript abundance increases for hdal and
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decreases for hdacl, congruent with the respective sexual and asexual stage-specific roles of
these HDACs (87, 134). The P. falciparum genome encodes ten HMTs, all of which belong to the
evolutionarily conserved SET (Su(var)3-9, Enhancer of Zeste and Trithorax) domain-containing
protein family (200). The site specificities of all, except two (SET5 and SET9) of these HMTs have
been determined (Table 1.1). Both SET2, SET3 and SET10 are implicated in the regulation of
expression of the multi-gene families that contribute to invasion, host cell remodelling and
nutrient transport (205, 206, 211). Less is known regarding the three Jumonji-C (JmjC) domain-
containing HDMs and the one lysine-specific demethylase 1 (LSD1) in P. falciparum however,
JMJC1 and JMIJ3 both have H3K36-specificty (Table 1.1) (200, 212). Together, these histone
modifying enzymes generate an extensive P. falciparum parasite histone PTM landscape that is

interpreted by the reader proteins that will be discussed next.

1.6.3 Histone post-translation modification reader proteins in P. falciparum parasites

The deposition and removal of histone PTMs in Plasmodium parasites, as in other eukaryotes,
may result in the physical disruption of histone-DNA interactions thereby leading to altered
chromatin structure (143, 182). Alternatively, histone PTMs may be recognised by epigenetic
“reader” complexes which mediate chromatin reorganisation. To date, 28 putative histone PTM
reader complexes have been identified in P. falciparum parasites (Table 1.2) however, only a few
of these have been functionally validated (213). The bromodomain (BDP)-containing and PHD
(plant homeodomain) finger domain-containing protein groups are the largest of the reader
protein families with eight and ten members, respectively. The importance of these families,
particularly the BDP-containing proteins, is evident from the proportion of these readers that are

essential or result in a growth defect when genetically disrupted (Table 1.2).
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Table 1.2. Epigenetic reader protein families in P. falciparum parasites. Proteins and
corresponding genes in bold font have confirmed histone reader-specific functions. Compiled

from data in (89, 205, 211, 213).

P. falciparum Curated reader-specific

Protein Gene ID
asexual parasites functions

Bromodomains — Acetylated histone binding
SET1 PF3D7_0629700 Essential Regulation of transcription
GCN5 PF3D7_0823300 Growth defect Regulation of transcription
BDP1 PF3D7_1033700 Essential Chromatin/histone binding
BDP2 PF3D7_1212900 Essential Protein binding
BDP3 PF3D7_ 0110500 Dispensable -
BDP4 PF3D7_1475600 Growth defect -
BDP5/TAF1 PF3D7_1234100 Growth defect -
BDP6 PF3D7_0724700 Essential -

PHD finger — Methylated (some acetylated) histone binding
SET1 PF3D7_0629700 Essential Regulation of transcription
SET2 PF3D7_1322100 Dispensable Regulation of transcription
SET10 PF3D7_1221000 Dispensable Regulation of transcription
PHD1 PF3D7_1008100 Growth defect Modified H3K4 binding
PHD2 PF3D7_1433400 Essential -
PHD finger protein PF3D7_0310200 Dispensable -
E3 SUMO protein ligase PF3D7_1360700 Essential Histone binding
EELM2 PF3D7_1141800 Dispensable -
Zinc finger protein PF3D7_0420000 Dispensable -
LSD1 PF3D7_1211600 Dispensable -
Chromodomain-like — Methylated histone binding

HP1 PF3D7_1220900 Essential Modified H3K9 binding
MYST PF3D7_ 1118600 Essential Histone binding
Chromodomain protein PF3D7_ 1140700 Dispensable Histone binding

© University of Pretoria
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CHD1 PF3D7_1023900 Dispensable Modified H3K9 binding

14-3-3 — Phosphorylated histone binding

14-3-3I PF3D7_0818200 Growth defect Modified H3K28 binding
14-3-3lI PF3D7_1362100 Growth defect -
14-3-3 protein PF3D7_1422900 Growth defect -

Bromodomain protein 1 (BDP1) specifically binds to acetylated lysine residues where an
interaction with a second domain-containing protein (BDP2) and the AP2-I TF contribute to the
mutually exclusive transcription of only the active var gene (119, 214, 215). In addition to a
catalytic SET domain, SET10 also contains a PHD domain that has been implicated in var gene
regulation during asexual proliferation (211). Although less widely studied to date,
phosphorylated histones and specifically H3528ph, are known to be read by the 14-3-3I protein
in P. falciparum parasites (216). Except for these examples, the reader-specific roles of these
proteins in Plasmodium remain largely uncharacterised. Specific functional predictions relating
to modified histone binding are putatively assigned based on reader protein domain homology
and function in model organisms (Table 1.2). With a few exceptions, such as recruitment of
independent HP1 and PHD1 by tri-methylated H3K9 and H3K4, respectively, many P. falciparum
reader proteins exist in complexes with other readers and/or TFs that would presumably require
sequential binding occurrences for recruitment (213). Such cooperation between epigenetic
regulatory proteins is exemplified in the recruitment of the GCN5/ADA2 reader complex to
H3K4me3 through an interaction with PHD1 followed by the subsequent GCN5-catalysed
acetylation of H3K9 (213, 217). Collectively, these histone reader proteins orchestrate chromatin

and transcriptional dynamics throughout the P. falciparum parasite life cycle.

1.6.4 The P. falciparum histone post-translational modification landscape

Mass spectrometry has been widely used to quantitatively identify histone PTMs and capture
their dynamic profiles across the Plasmodium life cycle (133, 151, 184, 218, 219). The N-terminal

PTMs detected include the acetylation, methylation, phosphorylation, ubiquitylation and
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SUMOylation of all the canonical and variant histone proteins (Figure 1.7) (133, 151, 184, 200,
203-205, 216, 220-224).

YAc VPh @ mel @ me2 me3 @ SUMO A ub

Figure 1.7: Histone PTMs identified in P. falciparum parasites. Map of histone PTMs identified to date across
various asexual and sexual life cycle stages in P. falciparum parasites. Acetylated, phosphorylated, mono-, di- and
tri-methylated methylated, sumoylated and ubiquitinated sites are shown with amino acid (K = lysine, S = serine, R
= arginine, T= threonine, A = alanine, Y = tyrosine) residues numbered starting from the N-terminal end of histone
tails. Each of the four canonical (H2A, H2B, H3 and H4 in bold) and four variant histones (H2A.Z, H2Bv, H3.3 and
HCen) are shown. Data compiled from various published sources (133, 184, 200, 218-222, 224-226).

The most recent and comprehensive study to date identified 106 individual modifications that
constitute the histone PTM landscape of the asexual and sexual intraerythrocytic stages of P.
falciparum parasites (133). Typical euchromatic histone PTMs that have been identified and are

positively correlated with transcription include H3K8ac, H3K9ac, H3K14ac, H3K56ac and H4ac
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and tri-methylation of H3K4 and H4K20 (Figure 1.7) (184, 218). Notwithstanding telomeres and
the interior chromosomal regions that contribute to antigenic variability, nutrient import and
sexual commitment, the majority of the genome is marked by euchromatic histone PTMs that
maintain transcriptional permissivity during asexual proliferation (89, 135, 209, 218, 227). For
example, H3K4me3 and H3K9ac frequently and dynamically occupy intergenic regions that are
stably demarcated by H2A. H3K9ac abundance strongly correlates with transcription throughout
the IDC, contrasting with the stage-specific enrichment of H3K4ac (188). Furthermore, H3K9ac
has a distinct regulatory role in the expression of immune evasion proteins by recruiting BDP1 to

var gene promoters where it interacts with the TF AP2-1 to regulate expression (119, 214).

By contrast, fewer histone PTMs with confirmed or postulated repressive functions have been
identified in Plasmodium parasites and include H3K9me3 and the di- and tri-methylation of
H3K27 and H3K36 (133, 218, 219). H3K9me3 was the most well-studied of these to date given
the prominence and function of this histone PTM in generating and maintaining heterochromatin
in the asexual and sexual stages. Specifically, H3K9me3 plays an important role in regulating
clonally variant gene expression during asexual proliferation (89, 132, 135). Furthermore,
H3K9me3/HP1-mediated heterochromatin expands during gametocyte development, giving rise
to a chromatin state that is indicative of the transition from asexual proliferation to the more

nuanced process of differentiation (133, 135, 218, 219, 228).

Each of the asexual and sexual stages of the P. falciparum parasite life cycle is characterised by
the notable abundance of a unique subset of histone PTMs (Figure 1.8) (133). For example, gene
expression becomes increasingly more active as the asexual IDC proceeds (93) with this reflected
by an accumulation of activating histone PTMs such as H3K9ac in trophozoites and H3K27ac and
H3K4me3 in schizonts (Figure 1.8) (133). By contrast, early (stage I-lll) and late (stage IV/V)
gametocytes are associated with a greater abundance of repressive histone PTMs including

H3K27me2&3 and H3K9me3, respectively (133).

Aside from H3K9me3, the relevance of histone PTMs for sexual differentiation and development

remains largely unknown. Nevertheless, the dynamics and plasticity described for the histone
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PTM landscape in gametocytes point towards a crucial role for epigenetic regulation throughout

the development of the transmissible stages of the Plasmodium parasite life cycle.
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Figure 1.8: Specific histone post-translational modification sets define the asexual and sexual stages of the P.
falciparum life cycle. The relative abundance of histone PTMs in ring, trophozoite and schizont stage parasites

associated with asexual proliferation and in the stage I-IV gametocytes. Relative abundance represents z-score
values for each histone PTM. Data obtained from (133).

Specifically, di- and tri-methylated H3K27 and H3K36 display a striking and intriguing increase in
abundance in stage Il gametocytes (Figure 1.9a) (133). Although present in the other sexual and
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asexual stages, the levels of these PTMs are relatively low, suggesting a stage |l gametocyte-
specific function. Although the writer (SET2) and erasers (JMJC1 and JMJ3) of H3K36me2&3 have
been elucidated in P. falciparum asexual parasites (200, 206, 212), the HMT and HDM enzymes

involved in H3K27me2&3 deposition and removal remain unclear (Figure 1.9b).
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Figure 1.9: Di- and tri-methylated H3K27 and H3K36 are strikingly abundant in the P. falciparum stage Il
gametocytes. (a) The relative abundance, expressed as z-scores, of H3K27 and H3K36 di- and tri-methylation during
asexual proliferation (R: ring-, T: trophozoite- and S: schizont-stage parasites) and gametocyte development (stages
I-V) highlights the peak levels of these histone PTMs occur in the stage |l gametocytes. (b) The H3K36-specific histone
methyltransferase (HMT) writer protein SET2 and histone demethylase (HDM) eraser proteins JMJC1 and JMJC3
deposit and remove di- and tri-methyl modifications in P. falciparum asexual parasites, respectively. The writer and
eraser proteins that deposit and remove methylation from H3K27 in P. falciparum currently remain elusive (?).

In model organisms the fate- and differentiation-specific roles of H3K27me2&3 and
H3K36me2&3 have been extensively described (229-233). This raises several interesting
guestions: 1) Are di- and tri-methylated H3K27 and H3K36 functionally relevant for gene
activation or repression in gametocytes? 2) Are H3K27me2&3 and H3K36me2&3 involved in the
transcriptional reprogramming that occurs during the transition from early gametocyte
differentiation (stage |) to intermediate development (stage Ill)? 3) Do these PTMs cooperate
with or antagonise one another and/or other epigenetic regulatory mechanisms? and 4) What is

the effect of disrupting these stage Il gametocyte-specific histone PTM patterns? Answering
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these questions would not only shed light on the specific histone PTMs but also provide a basis

for understanding epigenetic regulation during gametocyte development.

The work presented in this thesis focuses on the involvement of histone methylation in
transcriptional regulation at the key transition point between early gametocyte differentiation
and intermediate development. The novelty of this work is underpinned by the sexual stage-
specific investigation of H3K27me2&3 and H3K36me2&3, the former of which had not previously
been functionally interrogated and, until recently (133), was thought to be absent in Plasmodium
parasites. The use of chemical inhibitors as tools to highlight the crucial nature of histone
methylation during sexual development provides a foundation for further studies of other
histone PTMs and the epigenetic readers, writers and erasers involved in Plasmodium sexual
development. Ultimately, this thesis contributes to a greater, more thorough understanding of

the biology of the deadliest human malaria parasite.

1.7 Hypothesis

H3K27me2&3 and H3K36me2&3 independently reprogram transcription to define the transition

from early differentiation to intermediate development in P. falciparum gametocytes.

1.8 Aim

This study aimed to elucidate the genome-wide occupancy and enrichment of H3K27me2&3 and
H3K36me2&3 and investigate their functional relevance for transcriptional reprogramming

during the transition from early gametocyte differentiation to intermediate development.

1.9 Objectives

1. Map the genome-wide occupancy of H3K27me2&3 in early and intermediate

gametocytes using ChIP-seq and investigate the functional relevance of these histone

30

© University of Pretoria



PTMs by integrating this data with chemical interrogation and transcriptome analyses

(Chapter 2).

2. Map the genome-wide occupancy of H3K36me2&3 during early and intermediate
gametocyte development with ChIP-seq and investigate the function of these histone

PTMs using chemical interrogation and transcriptome analysis (Chapter 3).

3. Deconvolute and differentiate the specific regulatory roles of H3K27me27&3 and
H3K36me2&3 enrichment in the stage Il gametocytes by integrating ChIP-seq and

transcriptional profiling analyses (Chapter 4).

1.10 Research outputs
Peer-reviewed manuscripts:

1. Connacher, J., Josling, G.A., Orchard, L.M., Reader, J., Llinas, L. and Birkholtz, L.M. H3K36
methylation reprograms gene expression to drive early gametocyte development in
Plasmodium falciparum, Epigenetics & Chromatin, 2021;14(1):19 (Chapter 3).

2. Reader, J., van der Watt, M.E., Taylor, D., Le Manach, C., Mittal, N., Ottilie, S., Theron, A.,
Moyo, P., Erlank, E., Nardini, L., Venter, N., Lauterbach, S., Bezuidenhout, B., Horatscheck,

A., van Heerden, A., Spillman, N.J., Cowell, A.N., Connacher, J., Opperman, D., Orchard,

L.M., Llinds, M., Istvan, E.S., Boyle, G.A., Calvo, D., Mancama, D., Coetzer, T.L., Winzeler,
E.A., Duffy, J., Koekemoer, L.L., Basarab, G., Chibale, K. and Birkholtz, L.M. Multistage and
transmission-blocking targeted antimalarials discovered from the open-source MMV
Pandemic Response Box. Nature Communications, 2021;12(1):269 (parts of Chapter 3).
3. The work presented in Chapter 2 is currently being prepared as a manuscript for

submission to the Journal of Epigenetics and Chromatin.
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Chapter 2

H3K27me2&3 reprogram gene expression to drive early gametocyte

development in Plasmodium falciparum

2.1 Introduction

Epigenetics describes any alterations to genes and chromosomes that do not arise from changes
in the DNA sequence (234). Histone proteins and their PTMs are key factors involved in the
generation and maintenance of specific chromatin landscapes throughout the cell cycle and in
terminally differentiated cells (235). Histones can be modified by an extensive array of PTMs
including acetylation, methylation and phosphorylation with the distal N-terminal tail of the
protein containing the greatest density of modifiable sites (144, 172). Histone lysine methylation,
identified at six different sites (H3K4, H3K9, H3K27, H3K36, H3K79 and H4K20) to date in
eukaryotes, is arguably one of the most complex yet interesting PTMs. Histones may undergo
mono-, di- or tri-methylation, yielding one of three different states each of which specify a unique
functional outcome with this additionally dependent on the position of the PTM within the N-
terminal tail (144, 152). For example, H3K4me3 is associated with gene activation (236) while

the presence of tri-methylated H3K27 is predictive of transcriptional repression (237).

H3K27 is one site of histone methylation that has been extensively studied in eukaryotes and
each of the three methylation states has been associated unique functions. Mono-methylated
H3K27 is regulated by SET2-dependent H3K36me3 and thus accumulates within active coding
regions where it promotes transcription (Figure 2.1) (238). The effects of the more highly
methylated states of H3K27 (i.e. H3K27me2&3) have been described previously as both dramatic
and predictable (239-241) with well-defined roles in transcriptional repression, particularly

during cellular differentiation and development (240-242).
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Figure 2.1: H3K27 methylation states and their unique functions in eukaryotic transcriptional regulation. H3K27
may exist unmethylated (me0) or in the mono-, di- or tri-methylated (mel, me2, and me3, respectively) states in
eukaryotic cells. These methylated states are generated by histone methyltransferases (HMTs). SET2-dependent
H3K36me3 antagonises the further methylation of H3K27mel. H3K27me2 mediates transcriptional repression
through the inhibition of histone acetyltransferase (HAT) activity. H3K27me3 is present at the promoters of
developmental genes during cellular differentiation. Figure was created using published data from various sources
(238-243).

H3K27me2 has been described as widely diffuse, present on ~70% of histone H3 proteins in
murine embryonic stem cells (ESCs) and is involved in silencing the regulatory regions of cell type-
specific gene sets (Figure 2.1) (238). Research on other eukaryotic species indicates that di-
methylation is the most abundant of the three H3K27 methylation states in ESCs with this histone
PTM “filling the gaps” between regions of H3K27me3-associated chromatin (243). Additionally,
H3K27me2 impedes the activity of HATs at enhancer sites that become active only during

differentiation, thereby contributing to the maintenance of cell pluripotency (238, 239, 244).

Similarly, H3K27me3 is repressive with the presence of this histone PTM at promoter and
enhancer regions indicative of transcriptional inactivity (239-241). H3K27me3 is typically
associated with gene-rich regions of DNA in contrast to H3K9me3 that mediates the repression
of non-genic regions (240, 241). In pluripotent cells, H3K27me3 is present at the promoters of
developmental regulators such as the Hox and Sox gene families that are activated and drive
differentiation following cell fate determination (Figure 2.1) (240, 241, 245). Thereafter,
H3K27me3 silences gene sets that become irrelevant to the particular developmental pathway
required by the differentiating cell (231, 246, 247). Therefore, H3K27me3 distribution and

activity are highly dependent on tissue type (248).
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Histone methylation and demethylation are regulated by site-specific writer HMTs and eraser
HDMs, respectively (101). The multimeric Polycomb repressive complex 2 (PRC2) is assembled
from the evolutionarily conserved Polycomb group (PcG) of protein subunits and is the
ubiquitous writer of H3K27 methyl PTMs in eukaryotes (249-251). Eukaryotic H3K27-specific
HDMs belong to the Jumonji-C domaining-containing UTX (Ubiquitously Transcribed
tetratricopeptide repeat, X chromosome) and JMJD3 HDM families (229, 252, 253). A broad array
of reader proteins and complexes that recognise site-specific histone methylation and
subsequently effect changes in gene expression and chromatin state have been described (254,
255). While the readers of methylated H3K27 are less well-conserved compared to the HMTs
and HDMs that deposit and remove these histone PTMs, these recognition complexes typically
all contain the conserved site-specific methyl lysine chromo-domains that are present in

mammalian chromo-box (CBX) protein complexes (256, 257).

Until recently, H3K27me2&3 were thought to be absent in Plasmodium parasites however, these
studies focused solely on the asexual parasite stages (218, 219, 221, 258). Moreover, this was
supported by the absence of PRC2 subunit homologs in Plasmodium species (200). Since then,
however, both H3K27me2&3 have been detected almost exclusively in the P. falciparum stage Il
gametocyte stages through stringent quantitative mass spectrometry (133). Supporting this, P.
falciparum SET7 is able to further methylate H3K27me2 forming the tri-methylated state of
H3K27 in vitro (210). H3K27me2&3 occupancy is dynamic in the gametocytes with enrichment
in the stage Il gametocytes (133) suggesting the typical eukaryotic link between these histone
PTMs and cellular differentiation (238, 240, 242, 243, 245, 246, 249, 251, 252, 257) is conserved
in P. falciparum gametocytes. While the transcriptional transitions in gametocytes have been
delineated (94, 259), the mechanisms driving these shifts remain largely unknown. Nevertheless,
one mechanism that has been relatively well-studied across all the stages of the P. falciparum life
cycle is H3K9me3 (135, 184, 188, 209, 221, 227, 260). In addition to regulating virulence gene
expression, H3K9me3 also recruits the heterochromatin proteinl (HP1) that silences sexual
commitment-specific genes during the asexual proliferative cycle (227, 260). Following the
induction of gametocytogenesis, H3K9me3/HP1 is displaced, allowing for the expression of

proteins that drive the commitment and early differentiation of gametocytes (89, 90).
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Thereafter, H3K9me3/HP1 patterns are regenerated, bringing about heterochromatin

organisation that supports subsequent developmental steps (135).

During cellular differentiation in model eukaryotes, H3K9me3 and H3K27me2/3 are non-
redundantly associated with transcriptional silencing as a result of their variable genomic
distributions, temporality and mechanisms of repression (261). H3K9me3 domains are more
prominent during late differentiation and are associated with constitutive heterochromatin that
inhibits transcription factor binding (262-266). By contrast, H3K27me2&3 are typically found in
facultative heterochromatin that is indicative of silenced but poised genes and is more commonly
involved in transcriptional reprogramming during the early and intermediate stages of
differentiation (232, 240, 266-270). As H3K27me2&3 are highly abundant in stage Il
gametocytes, we therefore postulated that these histone PTMs may have similar repressive
functions in P. falciparum gametocytes and complement the H3K9me3-associated silencing that,
as in other organisms, becomes increasingly prevalent in the later stages of gametocyte

differentiation (132, 135).

To investigate this, ChIP-seq was performed on three distinct P. falciparum gametocyte
populations spanning stage Il gametocyte development. This approach enabled the profiling of
the H3K27me2&3 occupancy dynamics during the early and intermediate gametocyte stages and
confirmed the enrichment of H3K27me2&3 in the stage |l gametocytes. By leveraging existing
data sets from other ChIP-seq and gene expression studies (94, 135), H3K27me2&3 are shown to
be associated with the transcriptional repression of stage-specific gene sets during P. falciparum
gametocyte differentiation. Furthermore, the variation between these histone PTMs and
H3K9me3 was examined, revealing largely independent positioning and function for
H3K27me2&3 during early gametocyte development. Finally, profiling the transcriptional
perturbations arising from the treatment of early gametocytes with HMT inhibitors (HMTi)
demonstrated the crucial importance of normal histone PTM patterns during P. falciparum
gametocyte differentiation and development. The novelty of the results presented in this
chapter are evident as the first description of the functional relevance of H3K27me2&3 in
Plasmodium parasites. Ultimately, the findings presented here extend the current knowledge

relating to P. falciparum epigenetic mechanisms and contribute to a greater understanding of
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the foundational biology of the gametocytes that are essential for the continued transmission of

malaria.

2.2 Materials and methods
2.2.1 In vitro parasite culturing

P. falciparum NF54 asexual parasite cultures were maintained in vitro at 37°C in human
erythrocytes at a 5% haematocrit (ethics approval obtained from the University of Pretoria
Research Ethics Committee, Health Sciences Faculty 506/2018) and synchronised using 5% (w/v)
D-sorbitol as described elsewhere (271, 272). P. falciparum gametocytes were induced as
described (273-275) via a combination of nutrient starvation and a drop in haematocrit from
synchronous asexual parasite cultures (295% ring stages, 0.5% parasitaemia at 6% haematocrit).
Culture media (RPMI-1640, 23.8 mM Na,COs, 0.024 mg/ml gentamycin, 25 mM HEPES, 0.2 mM
hypoxanthine and 0.5% (w/v) Albumax Il) was replaced 48 h after initiation. The haematocrit was
reduced to 4% 72 h after initiation (day 0) and maintained as such throughout gametocyte
development with daily replacement of glucose-enriched (20 mM) media. Residual asexual
parasites were removed by supplementing media with 50 mM N-acetylglucosamine (NAG, Sigma-
Aldrich) from day 1 of development. Gametocytes were sampled on days 2, 4 and 7 post-
induction as the pre-stage Il, stage Il and post-stage Il samples, respectively. Two independent
cultures were prepared as biological replicates for each of the ChIP-seq and ChIP-qPCR
experiments. Independent cultures were generated for microarrays and the histone methylation
analyses with each sample for these experiments having a single biological replicate.
Gametocytaemia and gametocyte stage composition was determined by microscopically

evaluating Giemsa-stained smears of the cultures.

2.2.2 H3K27me2&3 ChIP antibody validation

The ability of commercially obtained ChlIP-grade rabbit a-H3K27me2 (Millipore, 07-449) and a-
H3K27me3 (Millipore, 07-421) antibodies to detect modified histone H3 in Plasmodium was
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determined using modified and unmodified synthetic peptides (Genscript) designed to contain
the P. falciparum histone H3 sequence (Appendix: Table S1). Modified peptides were designed
and synthesised to contain di- or tri-methyl modifications at K9, K27 or K36 and corresponding
unmodified peptides for K9 (ARTKQTARKSTAGKAPRKQ), K27 (ARKSAPISAGIKKPHRYRPG) and K36
(ARKSAPISAGIKKPHRYRPG) were included to test a broader range of specificities. Nitrocellulose
membranes were spotted with each peptide (25 ng) and then blocked for 30 min in blocking
buffer (5% milk powder in TBS-t [50 mM Tris (pH 7.5), 150 mM NaCl and 0.1% (v/v) tween-20]).
Membranes were then incubated overnight in a 1:5000 dilution of the respective primary
antibodies (a-H3K27me2 or a-H3K27me3 in TBS-t) followed 1 h incubation with horse radish
peroxidase (HRP)-conjugated rabbit a-1gG (Abcam, ab6721) secondary antibody (1:10000) in TBS-
t. Thereafter, signal intensity obtained from Super Signal West Pico PLUS Substrate (Pierce) was

guantified using densitometry and ImagelJ analysis software (276).

2.2.3 H3K27me2&3 chromatin immunoprecipitation

ChIP was performed as described previously (52) with modifications. Gametocytes (1-3%
gametocytaemia, fixed in 1% formaldehyde for 10 min at 37°C followed by 0.125 mM glycine
quenching) were released from erythrocytes using 0.1% (w/v) saponin. Thereafter, the
gametocytes were resuspended in lysis buffer (10 mM Hepes (pH 7.9), 10 mM KCl, 0.1 mM EDTA
(pH 8.0), 0.1 mM EGTA (pH 8.0)) and lysed with 0.25% Nonidet P-40 by douncing. Nuclei were
then resuspended in Covaris shearing buffer (0.1% sodium dodecyl sulfate (SDS), 10 mM Tris (pH
8.1), 1 mM EDTA) and sonicated using a 5% duty cycle at 75 W peak incident power; 200 cycles
per burst for a total treatment time of 300 s using a M220 ultrasonicator (Covaris). The sonicated
chromatin was then pre-cleared using Protein A/G magnetic beads (Millipore 16-663) and aside
from a small quantity kept separately as input material, chromatin was incubated overnight with
3 pg of a-H3K27me2 or a-H3K27me3. Reversal of cross-linking was achieved by adding 0.2 M
NaCl followed by a 30 min RNAseA (12 pg, Promega) and 2 h Proteinase K (12 pg, Sigma)
treatment carried out at 37°C and 45°C, respectively. DNA was purified using the Qiagen

MinElute kit and used to prepare DNA libraries for sequencing and gPCR validation.
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2.2.4 DNA library preparation and sequencing

DNA libraries were prepared for sequencing as described elsewhere (52). End-repair and A-
tailing of DNA fragments were achieved using NEBNext End Repair Enzyme Mix (#E6051A) with
30 min incubation at 20°C and NEBNext 3’-5’ exo Klenow fragment (#E6054A) for 30 min at 37°C,
respectively. Indexed adaptors (NEXTflex DNA-Seq barcoded adaptors) were ligated (NEB Quick
Ligase, #M2200L) to fragments (10 min at 20°C) that were then size selected (250 bp) using 0.7x
AMPure XP beads (Beckman Coulter). The selected fragments were amplified using KAPA HiFi
with dNTPs and NEXTflex primer mix (#NOVA-514107-96) with 12 cycles of the following
program: 98°C for 1 min; 98°C for 10 sec; 65°C for 1 min followed by a final extension step at 65°C
for 5 min. The PCR products were purified (0.9x AMPure XP beads) and quantified using the Qubit
fluorometer HS (high sensitivity) DNA kit. DNA quality and purity were assessed by means of the

DNA 1000 Bioanalyser kit prior to sequencing using a lllumina HiSeq 2500.

2.2.5 ChiP-qPCR

ChlIP-gPCR was performed to validate ChIP-seq data using several randomly selected genomic
loci. Firstly, to determine primer efficiency and specificity a 4-point serial dilution (10x) of P.
falciparum NF54 genomic DNA and 6 uM of the primer pairs (equal concentrations of each
individual primer) were prepared in a MicroAMP optical 96-well reaction plate (Applied
Biosystems) containing Power SYBR Green PCR Master Mix (Life Technologies) and the passive
reference dye, ROX (Applied Biosystems). Thereafter, the DNA was subjected to a 2 min
dissociation step (56°C), a 10 min hold at 95°C and then 40 cycles of 95°C for 15 sec; 56°C for 1
min using the Applied Biosystems 7500 Real-Time PCR machine. Only the primer pairs with 290%
efficiency and specificity, evidenced by single peaks (indicative of single amplicons) on the
melting curves, were used for ChIP-gPCR. using same input and immunoprecipitated samples
(two biological replicates for each) that were prepared for ChIP-seq. Amplification of each
sample (two biological replicates for each input and immunoprecipitated), standard and negative
control was performed in technical triplicate under the same conditions used to generate the

primer melting curves using the 7500 R-T PCR machine and SDS v1.4. The AACt method (i.e. cycle
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threshold at which the signal of sample (reporter dye, SYBR green) becomes detectable above
background (ROX reference dye) was used to determine fold enrichment for H3K27me2&a3 at the
amplified sites. Values are expressed as fold enrichment of immunoprecipitated to input DNA,

averaged for two biological replicates.

2.2.6 Epigenetic inhibitor assays

The parasite lactate dehydrogenase (pLDH) assay (277) was used to evaluate the in vitro activity
of nine histone methyltransferase inhibitors from the Cayman Epigenetic Screening Library
(Cayman Chemicals, #11076, batch 0498084-1) against early gametocytes as previously described
(274). The pLDH assay leverages the spectrophotometric detection of the P. falciparum parasite’s
utilisation of 3-acetyl pyridine adenine dinucleotide (APAD) as a coenzyme for LDH during lactate
to pyruvate conversion (277, 278). The epigenetic inhibitor compounds were dissolved in
dimethyl sulfoxide (DMSO) and culture media to obtain <0.5% final DMSO concentration (non-
toxic to gametocytes) (274) and final drug concentrations of 5 uM. Additionally, methylene blue
(5 uM) was included as a treatment control for inhibition. These drug dilutions were screened in
technical triplicate against pre-stage Il (days 2 and 3 cultures for two replicate data sets spanning
pre-stage Il development) and Il gametocytes (days 4 and 5 for stage |l gametocyte replicates)
for 72 h along with an untreated 100% growth control. Following this, media was replaced and
gametocytes were incubated for an additional 72 h after which the assay plates were placed at -
20°C for 224 h. Thereafter, the contents of the plates were thawed, resuspended and 20 pL from
each well was added to 100 pL of Malstat reagent (0.21% v/v Triton-100, 222 mM L-(+)-lactic acid,
54.5 mM Tris, 0.166 mM APAD (Sigma Aldrich), pH 9) in a new 96-well plate. To this, 25 uL of
PES/NBT (0.239 mM phenazine ethosulphate/1.96 mM nitro blue tetrazoliumchloride) was
added followed by the measurement of absorbance at 620 nm using a Multiskan Ascent 354
multi-plate reader (Thermo Labsystems). Gametocyte viability (%) was determined using the

equation:

Meancompound - Meanbackground

Gametocyte viability =
Mean+ growth control — Meanbackground
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Data are reported as the % gametocyte inhibition:

Gametocyte inhibition (%) = 100 — gametocyte viability

2.2.7 Detection of changes in global H3K27me2&3

Stage Il gametocytes (days 3, 4 and 5) were treated with 5 uM of the mammalian G9a inhibitor
UNCO0224 or the EZH2 inhibitor GSK343 (Cayman Chemicals) and sampled 24 h later. Histones
were extracted as described before (184) with minor modifications. Nuclei were extracted by
Dounce homogenisation in hypotonic lysis buffer (10 mM Tris-HCI (pH 8), 0.25 M sucrose, 3 mM
MgCl, 0.2% (v/v) Nonidet P-40) and protease inhibitors (Roche)). Histones were isolated from
nuclei resuspended in Tris buffer (10 mM Tris (pH 8.0), 0.8 M NaCl, 1 mM EDTA and protease
inhibitors) by overnight acid-extraction (0.25 M HCI, with rotation at 4°C) and subsequent
precipitated with 20% TCA. Histone pellets were washed with acetone and reconstituted in
dddH;0. Protein quantity in each sample was ascertained using the BCA Protein Assay Kit
(Pierce). This highly sensitive assay features colourimetric detection of the chelation of
bicinchoninic acid (BCA) chelating with cuprous cations (Cu*). Cu*is formed by the reduction of
Cu?* when exposed to an alkaline environment (279). Thereafter, histones were spotted
guantitatively (100 ng per sample) on nitrocellulose membranes. Membranes were submerged
in blocking buffer for 30 min followed by 1 h incubation with a-H3K27me2 and a-H3K27me3
(same as used for ChlP-seq) primary antibody dilutions (1:5000 in TBS-t). Membranes were
washed three times in TBS-t and then incubated with HRP-conjugated rabbit a-IgG secondary
antibody (1:10000 in TBS-t) for 1 h. Chemiluminescent signal was quantified with ImageJ analysis
software (276).

2.2.8 DNA microarrays

DNA microarrays containing 12 468 60-mer oligonucleotide probes (Agilent Technologies, USA)
based on the full P. falciparum genome (280) were used to assess global transcriptomic changes

in stage Il gametocytes following 24 h treatment with 5 UM UNC0224 or GSK343. The design of
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these custom arrays have an average of <3 individual oligonucleotide probes for each P.
falciparum coding gene (280). Following treatment, gametocyte cultures (1-3% gametocytaemia,
4% haematocrit) were isolated from host erythrocytes using 0.1% (w/v) saponin. Total RNA was
extracted using a combination of TRIzol (Sigma Aldrich, USA) and phenol-chloroform extraction.
For each untreated and treated sample, between 5 and 13 ug of the total RNA was reverse
transcribed to synthesise cDNA as described previously (280). The RNA was incubated with oligo-
DT (2 pg/uL) and random nonamers (2 pg/uL) at 70°C for 10 min to allow annealing between the
RNA and primers. In the presence of 0.2 mM each of dATP and amino-allyl dUTP, 0.1 mM each
of dCTP, dTTP and dGTP and 100 mM DTT (all from Invitrogen), cDNA was synthesised using
Superscript IV (200 U/ug, Invitrogen) for 16 h at 42°C. Thereafter, remaining RNA template was
hydrolysed using 1 M NaOH and 0.5 M EDTA for 15 min at 65°. The cDNA was purified using
Wizard SV Gel and PCR Clean-UP system (Promega) according to the manufacturer’s instructions
and eluted into 0.1 M Na,COs (pH 9). Treated and untreated sample cDNA was labelled with Cy5
dye (GE Healthcare) prior to array hybridisation with an equal amount (350-500 ng) of Cy3-
labelled (GE Healthcare) reference pool containing equal amounts of cDNA from each
gametocyte sample and mixed stage NF54 asexual parasites. Dye coupling was performed in
dark conditions for 2 h at pH of 9 followed by purification of the labelled cDNA per the Zymo DNA
25 Clean and Concentrator Kit (Zymo Research) instructions. Slides were hybridised overnight at
65 °C followed by washing and scanning using an Agilent G2600D microarray scanner (Agilent
Technologies). Normalised signal intensities for each oligo were extracted using the
GE2_1100 Julll_no_spikein protocol and Agilent Feature Extractor Software (v 11.5.1.1) as
described before (280).

2.2.9 Molecular docking of epigenetic inhibitors

Molecular docking was performed to predict the interaction between epigenetic inhibitors and
potential target HMTs. The structure of GSK343 was obtained from the ZINC database (281)
while the canonical SMILES for UNC0224 was used to generate a ligand structure in UCSF Chimera

(282). Amino acid sequences of P. falciparum SET3 and SET7 from PlasmoDB (v39, plasmodb.org)
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were used to prepare structures with SwissModel (283). The SET3 and SET7 models selected for
docking were obtained from AlphaFold 2.0 (284). Residues with low quality prediction scores
(AlphaFold’s per-residue score <70, indicating low confidence) were trimmed to obtain high
confidence core models that were subsequently prepared using Dock Prep (282). Molecular
docking calculations were performed for GSK343-SET3 and UNC0224-SET7 by SwissDock (285).
The scoring function for free-energy was used to evaluate the most stable binding modes with

the ViewDock utility in UCSF Chimera (282).

2.2.10 Data analyses
2.2.10.1 ChlIP-seq

ChlP-seq data analysis was performed according to ENCODE guidelines (www.encodeproject.org)
(24) and as described previously (52, 92). Sequence read quality was determined using FastQC
(286) prior to analysis and adapter sequences were removed using Trimmomatic (v0.32.3) (287).
Reads were mapped to the P. falciparum 3D7 genome (v39 obtained from PlasmoDB,
www.plasmodb.org) and duplicate and low-quality reads filtered and removed using BWA-MEM
(v0.4.1) (288) and SAMtools (v1.1.2) (289), respectively. Correlations between corresponding
biological replicates were determined prior to subsequent analysis. The deepTools suite
(v3.1.2.0.0) (290) was used to plot the average occupancy of H3K27me2&3 (plotProfile and
plotHeatmap tools) and to generate bigwig files that were viewed in IGV (291). Genome track
images that are presented in results sections were exported from the IGV viewer. Genome-wide
occupancy was calculated and is reported as logz-transformed ChIP/input ratios averaged for 1
kb bins. Occupancy upstream of transcription start sites (TSSs as defined previously by Adjalley
et al., 2016) (105) and within the CDR was calculated from log2ChIP/input ratios over 50 bp bins
averaged across these regions. MACS2 (292) was used with the broad peak option (g-value <0.05;
‘-broad—cutoff 0.1’) to call peaks as described by others (52, 92, 293). As two biological replicates
were used for each experiment, only regions enriched in both biological replicates were used for
all subsequent analyses. These were identified and annotated using the Multiple Intersect

function and ClosestBED, respectively from the BEDtools suite (294). All results are
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representative of data averaged for two biological replicates unless otherwise stated. GO
enrichment analyses were performed with PlasmoDB using a P-value cut-off <0.05. Differential
binding analyses to identify sites uniquely enriched with H3K27me2&3 in the different

gametocyte stages was performed using the BEDtools Multiple Intersect function (294).

2.2.10.2 Microarrays

The microarray red and green signal intensities that passed the standard background filters (P
<0.01) were normalised with Robust-spline for within-array and G-quantile for between slide
normalisation in R (v3.2.3, www.r-project.org) using the limma and MArray packages,
respectively (295, 296). The fit of a linear model was used to obtain log;-transformed expression
values (log,Cy5/Cy3). Differential expression values were calculated for each gene as the logs-
transformed fold change (log2FC) of treated over untreated with genes having log,FC 20.5 in
either direction defined as differentially expressed in the UNC0224- or GSK343-treated
gametocytes. Visualisation of differentially expressed genes was performed using TIGR MeV with
functional classification of genes to significantly associated biological processes (P-values <0.05)

performed using PlasmoDB (v39, www.plasmodb.org).
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2.3 Results

2.3.1 Application of a ChiP-seq strategy to identify Plasmodium histone PTM occupancy

ChlP-seq is a core functional genomics approach used for whole-genome mapping of modified
histones and DNA binding proteins (297). In this study, ChIP-seq was used to identify the genomic
distribution of H3K27me2&3 in early-stage gametocytes. The first step of this approach involves
stabilising the DNA-histone interaction using formaldehyde as a cross-linker (Figure 2.2).
Additional cross-linking using disuccinimidyl glutarate may be used however, this is preferable

only for transiently bound factors (e.g. chromatin modifying enzymes) and not for histones (298).

Next, the cross-linked DNA was sheared using ultrasonication to generate fragments of an ideal
length (200-300 bp) for sequencing. Thereafter, the fragmented DNA was subjected to
immunoprecipitation (IP) using an antibody specific to the protein of interest (297, 299). Prior to
IP, small amounts of the DNA were separated from each sample and kept as input that is then
sequenced in parallel with the DNA from IP samples and serves as a crucial control to identify
and normalise sequencing biases during analysis. Sample IP allows for DNA fragments bound to
H3K27me2&3-modified nucleosomes to be isolated or “pulled out” from those not associated
with the histone PTMs and then prepared as sequencing libraries (Figure 2.2). The reads obtained
from sequencing were extensively filtered to ensure only high-quality reads were included in the
mapping of sequences to the P. falciparum reference genome. In addition to the use of two
biological replicates for each population, statistical tools including MACS2 peak calling (292) and
differential binding analyses (294) were used to identify regions enriched with H3K27me2&3.
This stringent mapping and quantification of histone PTM enrichment provides confidence that
the data accurately reflects the patterns of H3K27me2&3 in early-stage gametocytes (24, 297).
The ChIP-seq experiment performed therefore included all the required controls to meet the
standards outlined by ENCODE (encodeproject.org), a consortium that provides practical
guidelines for the generation of high-quality functional genomic data to the scientific community

(24).
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ChlIP-seq for histone PTMs
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Figure 2.2: ChIP-seq approach for the study of histone post-translational modification patterns in P. falciparum
gametocytes. Gametocyte chromatin in each of the two biological replicates was chemically cross-linked using
formaldehyde, yielding a stable interaction between DNA and histone proteins. Fragmented DNA was generated by
ultrasonication. Except for small amounts that were separated to serve as input samples, DNA was subjected to
immunoprecipitation (IP) with either a-H3K27me2 or a-H3K27me3 antibodies to select DNA fragments bound to
histones with the PTMs of interest. The IP and input DNA samples were then purified and ligated to adaptors to
generate DNA libraries for sequencing. Sequencing reads were mapped to the reference genome with the data
subsequently analysed to generate genome-wide maps of H3K27me2&3 in early gametocytes.
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2.3.2 Sampling of P. falciparum gametocytes for ChIP-seq

In order to capture snapshots of the dynamic H3K27me2&3 patterns in early-stage gametocytes,
distinct gametocyte populations spanning stage Il development were obtained and classified as
I”' o

|II III

“pre-stage II”, “stage II” and “post-stage 1I” gametocytes. Gametocytes were initiated (day -3)
from synchronised, ring-stage (295%) cultures with 0.5% parasitaemia and 6% haematocrit
(Figure 2.3) as described by others (274). The haematocrit was reduced to 4% to induce
gametocyte production on day 0 and from day 1 onwards, NAG-supplemented media was
replaced daily to eliminate residual asexual parasites from the cultures. Pre-stage ll, stage Il and
post-stage |l gametocytes were isolated from host erythrocytes using saponin treatment on days

2, 4 and 7, respectively (Figure 2.3).

Initiation Gametocyte development

6% hct Induction i \} Vv

v

I T T T T T T T T T T T T T

3 -2 -1 0 1 9 10 11 12 13
| |

2 3 4 5 6 7 8
60000 - - -
| Pre-Il Stgll Post-llI

Asexual proliferation Saponin isolation

Figure 2.3: Gametocyte culture generation and sampling strategy for ChIP-seq. Gametocyte production was
initiated from synchronised (295% ring-stages) asexual parasite cultures at a 6% haematocrit (hct) and 0.5%
parasitaemia (pt) on day -3. After 72 h, the haematocrit was reduced to 4% (day 0) to induce gametocytogenesis.
N-acetylglucosamine (NAG) supplemented media was replaced daily from day 1 to day 4 to remove residual asexual
parasites from culture. Morphology was monitored daily by microscopic evaluation of Giemsa-stained parasite
samples. Pre-stage Il (pre-ll), stage Il (stg Il) and post-stage Il (post-Il) gametocyte populations were isolated using
saponin treatment on days 2, 4 and 7 of gametocyte (GC) development, respectively.

Classification of these populations was based on the stage compositions (determined by
microscopic evaluation of Giemsa-stained parasites) for each set of two biological replicates at
the time of sampling. Pre-stage Il populations consisted mostly of asexual parasites (60 + 4%)
with some stage | (40 + 4%) and stage |l gametocytes (0.3 + 0.4%; Figure 2.4). Typically, asexual

parasites were distinguished from stage | gametocytes by their pycnotic appearance arising from
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growth arrest due to NAG treatment. Stage Il populations were enriched for stage Il gametocytes
(74 £ 3.2%) with minor proportions of stage | (9 + 6%) and stage Ill (17 + 2.5%) gametocytes
present but no asexual parasites. Post-stage Il populations predominantly contained stage IlI/IV
gametocytes (90 + 6%) and only a small proportion (10 * 6%) of stage Il gametocytes (Figure 2.4).
These populations were deemed sufficiently divergent to detect the changes in histone PTM
levels across early gametocyte development and were thus for chromatin-immunoprecipitation
followed by high-throughput sequencing (ChIP-seq) to map the genome-wide occupancy of
H3K27me2&3.

100  puEem
S
< Asexuals
S S
= T tage |
‘@
o 504 W Stage Il
3 m Stage Ill/IV
o
o
0 .
Pre-Il Stg i Post-II

Figure 2.4: Stage composition of gametocyte samples used for ChiP-seq. The stage compositions (%) of gametocyte
populations generated to capture snapshots of the dynamic occupancy of histone PTMs in early gametocytes.
Compositions were determined by counting 2100 parasites or gametocytes. Data are representative of the two
independent biological repeats, + S.E.

2.3.3 Validation of antibody specificity and ChIP-seq data quality

The use of highly specific and good quality antibodies against the proteins of interest is critical
for successful ChlP-seq experiments (24). As Plasmodium parasite-specific antibodies were not
available, commercial ChIP-grade antibodies against rabbit H3K27me2 and H3K27me3 were
selected and verified for cross-reactivity. ChIP-seq has been performed successfully by others
using the selected antibodies in organisms that have high (>99%) sequence similarity to P.
falciparum histone H3, suggesting the suitability of both the a-H3K27me2 (300, 301) and a-
H3K27me3 (302-304) antibodies for this study. Secondary validation was performed to

demonstrate antibody specificity in P. falciparum parasites. The antibodies were indeed able to
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detect the respective modified H3 histone sequence with high specificity; 227 times greater
specificity towards the P. falciparum histone H3 peptides modified with H3K27me2 or H3K27me3
compared to methylated H3K9 and H3K36 or unmodified H3K27 peptides that were included as

controls (Figure 2.5).

a-H3K27me2 a-H3K27me3

A H3K27me2
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g D ® H3K36me2

£ igg - 350 1 E /@ H3K36me3

§ 10 + F H3K36me0

I II I G |® H3K9me3
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Figure 2.5: Validation of antibody specificity against P. falciparum H3K27me2&3. The selected a-H3K27me2 and
a-H3K27me3 antibodies were used to detect peptides containing the P. falciparum H3 sequence without
modification or with di- or tri-methylation on K9, K27 or K36 using dot blot analysis. Blot images were quantified to
obtain the relative density units (RDU) shown here for each peptide. Data are representative of a single replicate
experiment.

Importantly, the antibodies were specific to their modification, with negligible cross-reactivity
between the di- and tri-methylated modification. Therefore, these antibodies were used to IP
H3K27me2&3-associated DNA fragments in the pre-stage Il, stage |l and post-stage Il gametocyte
samples. ChlP-seq data belonging to corresponding replicates were highly correlated with
Pearson correlation coefficients between H3K27me2-IP replicates of r?= 0.89, r?>= 0.93 and r?=
0.95 for pre-stage I, stage Il and post-stage Il gametocytes, respectively (Appendix: Table S2).
Additionally, the occupancies of H3K27me2&3 were highly correlated with one another in the
stage Il gametocytes with a Pearson correlation coefficient of r’= 0.95 (Figure 2.6a), an
observation that was less prominent for the pre- and post-stage Il gametocyte samples (Pearson
correlation, r’= 0.68 and r’= 0.5, respectively). Since a single histone cannot simultaneously
contain di- and tri-methylated forms of H3K27, the apparent presence of both histone PTMs at
the same site is most likely indicative of one of the PTMs present as an intermediate of the other
with the populations containing a mixed pool of histones in either state of methylation or the

presence of asymmetrically modified nucleosomes (i.e. one H3 with K27 di-methylated and the
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other tri-methylated) (305, 306). Finally, the presence of H3K27me2&3 in the stage Il
gametocytes was weakly or completely anti-correlated with that in pre- and post-stage Il

gametocytes (e.g. Pearson correlation, r’= -0.44 and r?= -0.1, respectively for H3K27me3; Figure

2.6a).
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Figure 2.6: Dynamic distribution of H3K27me2&3 occupancy is dynamic during P. falciparum early and
intermediate gametocyte development. (a) Pearson correlation coefficient plot of the genome-wide occupancy of
H3K27me2&3 (me2 and me3) obtained for pre-stage Il (pre-Il), stage |l (stg Il) and post-stage Il (post-Il) gametocytes
using ChlIP-seq. Data are representative of the two independent biological replicates for each stage and histone PTM.
The dashed box highlights the increased positive correlation between H3K27me2&3 in the stage Il gametocytes. (b)
H3K27me2&3 occupancy (average logz-transformed ChIP/input) over chromosome 14 for each of the gametocyte
stages with all data representative of two biological replicates. Green and red regions on the tracks indicate
occupancy (log2ChlP/input ratios >0) and grey regions represent depletion (log2ChIP/input ratios <0) of the
modifications. Shadowed regions highlight regions exhibiting an increased abundance of H3K27me2&3 t in the stage
Il gametocytes with positions of genes indicated below genome tracks.
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The use of ChIP-seq allowed for the detection of H3K27me2&3 in all the gametocyte populations
and for the delineation of the unique occupancy patterns associated with each. In pre-stage Il
gametocytes, very low levels of H3K27me2&3 are present, contrasting with a strong increase in
the occupancy of both histone PTMs in the stage Il gametocytes (Figure 2.6b). This stage Il
gametocyte-specific abundance manifests as concentration of H3K27me2&3 upstream of
transcriptional start sites (TSSs) as previously defined by Adjalley et al., 2016, (105). In post-stage
Il gametocytes, reduced levels of the histone PTMs are evident with the patterns of residual
H3K27me2&3 exhibiting a similar intergenic distribution. These stage-specific trends, specifically
the consistently greater levels of H3K27me2&3 in the stage Il gametocytes, were confirmed with
ChIP-gPCR (Figure 2.7) using several randomly selected loci and the primers listed in Appendix:
Table S3.

These observations are congruent with the gametocyte stage-specific dynamics of H3K27me2&3
described previously (133). In view of the preferential H3K27me2&3 occupancy within intergenic
regions, particularly in the stage Il gametocytes, this bias towards non-coding regions was further

interrogated.
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Figure 2.7: Validation of the gametocyte stage-specific patterns of H3K27me2&3 occupancy. ChlIP-qPCR was
performed to validate H3K27me2&3 ChIP-seq data for the pre-stage Il (pre-Il), stage Il (stg Il) and post-stage Il (post-
Il) gametocyte samples. The amplification of each the samples (input and immunoprecipitated) and controls were

performed in technical triplicate.
becomes detectable above background).

Data were analysed using the AACt method (cycle threshold at which signal
H3K27me2&3 occupancies are expressed as the % of input at each

chromosome region indicated with data points representative of two independent biological replicates, +SD.
Sequences of each primer pair used are detailed in Appendix: Table S3.
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2.3.4 Stage Il gametocytes have a unique pattern of H3K27me2&3 occupancy

To examine the preferentially intergenic occupancy of H3K27me2&3 during early gametocyte
development, the presence of each histone PTM spanning the 5602 P. falciparum genes for which
sequencing data were obtained was assessed. The occupancies of H3K27me2&3 were found to
be extremely similar upstream and within the coding regions of genes in stage Il gametocytes
compared to more divergent patterns of occupancy in the pre- and post-stage Il gametocytes
(Figure 2.8a). The average H3K27me2&3 profiles indicate that in stage Il gametocytes, these
histone PTMs are distinctly concentrated 750 bp upstream of TSSs with the occupancy scores
(log2ChlP/input) across this region peaking at 0.24 and 0.23 (average of 0.21 and 0.2), respectively
(Figure 2.8a). W.ithin the coding regions (CDRs) however, there is a notable absence (average
CDR occupancy scores of -0.13 for both histone PTMs) of H3K27me2&3 in the stage I
gametocytes. Conversely, in both the pre- and post-stage Il gametocytes, the CDRs are on
average associated with some H3K27me2&3 occupancy (e.g. H3K27me3 occupancy scores of
0.07 and 0.02, respectively) with an inverse depletion of the histone PTMs upstream of TSSs (e.g.
H3K27me2 occupancy scores of -0.1 and -0.05, respectively) (Figure 2.8a). The contrasting
patterns associated with these gametocyte stages highlight the prominent abundance of

H3K27me2&3 upstream of genes in the stage Il gametocytes.
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Figure 2.8: H3K27me2&3 robustly occupy the regions upstream of transcriptional start sites in P. falciparum stage
Il gametocytes. (a) The occupancy of H3K27me2&3 (average logz ChIP/input over 50 bp bins) spanning a 1.7 kb
region upstream and 2.5 kb region downstream of TSSs for all P. falciparum genes (PlasmoDB genome annotation,
v39) in pre-stage Il, stage Il and post-stage Il gametocytes. Data are representative of two independent biological
repeats. In the individual heatmaps, genes were rank-ordered based on occupancy values. Summary plots of the
average occupancy for H3K27me2&3 (green and red, respectively) across all genes present in the heatmaps. The
peak enrichment in stage Il gametocytes is highlighted in the light grey shadowed region 750 bp upstream of
transcriptional start sites (TSS). Ribbons represent average occupancy of the region + SD. (b) The number of genes
with robust H3K27me2&3 occupancy (i.e. logz ChIP/input 20.21 and >0.2, respectively) upstream of TSS and in the
CDRs for each gametocyte stage.
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Next, the numbers of H3K27me2&3-occupied genes were quantified for each gametocyte stage
with these subsequently classified based on the location of this occupancy either exclusively
upstream of the TSSs, within CDRs or both. Of all the genes for which sequencing data was
obtained in stage Il gametocytes, 90% (5044) and 87% (4856) were associated with some degree
of H3K27me2&3 occupancy (i.e. log2ChIP/input > 0) (Appendix: Table S4) upstream of TSSs. Of
these genes, 2590 and 2688 were associated with a robust level (i.e. have log,ChIP/input scores
above the average values of 0.21 and 0.2 in stage |l gametocytes) of H3K27me2&3 occupancy,
respectively (Figure 2.8b). Although ~20% of these robustly occupied genes also had the
respective histone PTM present within CDRs in stage |l gametocytes, few of these (7 and 10,
respectively) had H3K27me2&3 occupancy exclusively limited to CDRs. Combined with the
greater proportion of robust occupancy that is present exclusively upstream of genes (2583 and
2678, respectively), this indicates that H3K27me2&3 are predominantly associated with the
intergenic regions upstream of TSSs in the stage Il gametocytes. Similarly for pre- and post-stage
Il gametocytes, H3K27me2&3 are more frequently associated with the regions upstream of TSSs
(e.g. 125 upstream of TSS vs. 48 CDRs with robust H3K27me2 occupancy) however, far fewer

genes have robust H3K27me2&3 occupancy in these stages overall (Figure 2.8b).

2.3.5 H3K27me2&3 are associated with transcriptional repression in early gametocytes

With the aim of investigating the functional relevance of the H3K27me2&3 occupancy upstream
of genes in the stage Il gametocytes, transcription profiles obtained from previous work in our
lab (94) were compared with the levels of histone PTM occupancy for genes. For the
H3K27me2&3 robustly occupied genes in stage |l gametocytes, corresponding transcript levels
were available for 96% and 97% of the two sets, respectively (Appendix: Table S5). A genome-
wide comparison of the histone PTM and transcript levels (average log,Cy5/Cy3) in stage Il
gametocytes (i.e. days 4 and 5 of gametocyte development) indicates H3K27me2&3 occupancy
upstream of TSSs is anti-correlated with transcription (Pearson correlation coefficients of r= -
0.19 and r?=-0.16 for H3K27me2&3, respectively) (Figure 2.9). Large proportions of genes with
robust occupancy for H3K27me2 (99%) and H3K27me3 (98%) showed reduced transcript levels
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on the days (2-6) associated with stage Il gametocyte development (Appendix: Table S5).
Furthermore, these genes differentiate into three clusters according to changes in expression
patternsin the stage Il gametocytes with each cluster significantly associated (P-value <0.05) with

various biological categories (Figure 2.9) (Appendix: Table S6).

Although the transcript levels do oscillate throughout early and intermediate gametocyte
development, the H3K27me2&3 robustly occupied genes are typically repressed in stage Il
gametocytes and encode protein products involved asexual parasite-specific processes such as
schizogony (P = 0.004), haemoglobin catabolism (P = 0.014), transcription (P = 5.7e*#), host cell
entry (P=0.001) and exit P = 0.038), DNA replication (P =0.011) and cell gliding (P = 0.041) (Figure
2.9). Other genes that are robustly occupied are associated with critical processes that function
during proliferation, sexual commitment and early gametocyte differentiation. These include
antigenic variation (P = 1.2e2!), multi-organism transport (P = 2.2e*) and chromatin organisation
for both H3K27me2 (P = 0.028) and H3K27me3 (P = 0.007). These significant links with critical
asexual- and commitment-specific processes suggest that H3K27me2&3 are associated with the

generation of gametocyte development-specific transcriptional programs.
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Figure 2.9: H3K27me2&3 occupancy in P. falciparum stage 1l gametocytes is associated with transcriptional repression. (a)
Average expression values (log,Cy5/Cy3 on day 4 and 5 of gametocyte (GC) development (94) plotted against H3K72me2 (green)
occupancy 750 bp upstream of genes in stage Il gametocytes for all 5602 P. falciparum genes. Genes are colour-coded based on
the level of H3K27me2 occupancy as indicated. (b) Average expression levels plotted against H3K27me3 occupancy in stage I
gametocytes (750 bp upstream of TSSs). Genes are categorised based on occupancy score as indicated by colour. For both (a)
and (b), linear regression is represented by dashed lines with 95% confidence interval indicated by ribbons; r? values represent
Pearson correlation coefficients. All histone PTM data points are representative of two independent biological repeats. Robustly
occupied genes were clustered based on transcript abundance patterns over days 2-6 of GC development and the number of
genes in each cluster (N) is shown. The expression profiles of individual genes shown in the heatmaps for each cluster were then
averaged to obtain expression line plots with ribbons indicating log,Cy5/Cy3 + SD. Each cluster is significantly (P-value <0.05)
associated with the biological processes indicated. The value on each bar indicates the number of H3K27me2&3 robustly occupied
genes and is presented as a % of all background genes that are associated with the biological process in P. falciparum parasites.
Legend: org. = organisation; loc. = localisation; Hb. = haemoglobin; cytopl. = cytoplasmic; comm = communication; attach. =
attachment; bios. = biosynthesis; resp = response; Atemp. = change in temperature; t/c = transcription; nucl. = nuclear; exp. =
export; t/p =transport; t/I = translocation; assemb. = assembly.
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Although H3K27me2&3 are most highly abundant during the stage Il gametocytes, the detection
of these histone PTMs in the pre- and post-stage |l gametocytes here and previously (133), is still
of interest and thus was also examined. The 124 genes that are robustly occupied and repressed
by H3K27me2&3 in both the pre-stage Il and stage Il gametocytes are significantly associated
with H3K9 methylation (P = 0.023) and cell gliding processes (P = 0.020) (Figure 2.10a). These
processes become increasingly active in subsequent gametocyte developmental stages (135,
307, 308) and this is reflected by the absence of repressive H3K27me2&3 at these genes in post-
stage Il gametocytes. In both the stage Il and post-stage Il gametocytes, genes significantly
associated with the early gametocyte differentiation-specific processes of protein export (P =
2.93e), host erythrocyte aggregation (P = 2.77e>°) and sex determination (P = 0.023) (57, 58,
76, 309) are robustly occupied and repressed by H3K27me2&3 (Figure 2.10a). This indicates that
the H3K27me2&3-associated suppression of these processes, established in the stage Il

gametocytes, is maintained in subsequent developmental stages.

Interestingly, 62% and 31% of robustly occupied genes in the pre- and post-stage Il gametocytes
are associated with this level of H3K27me2&3 only in these gametocyte stages, respectively
(Figure 2.10a). These stage-specific robustly occupied gene sets are significantly associated (P
<0.05) with processes predominantly related to metabolism which undergoes substantial
remodelling during gametocyte development (310-312). Similar to the stage Il gametocytes, the
repression of these gene sets corresponds with the presence of robust occupancy of
H3K27me2&3 in the pre- and post-stage |l gametocytes (Figure 2.10b). This suggests that while
in lower abundance in the pre- and post-stage Il gametocytes, these histone PTM are likely still
relevant for transcriptional regulation in these stages. These results further demonstrate the
repressive association between H3K27me2&3 and gene expression during early and
intermediate gametocyte development. As this is strikingly more notable for the stage Il

gametocytes, further analyses were focussed on this stage.
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Figure 2.10: H3K27me2&3 are associated with transcriptional repression of stage-related processes during early
and intermediate gametocyte development. (a) Comparison of the numbers of genes with robust levels of
H3K27me2&3 occupancy (log2ChlP/input 20.21 and >0.2, respectively) upstream of TSSs in the pre-stage |l, stage Il
and post-stage Il gametocytes. Sets of genes with robust occupancy only in the pre-stage Il or post-stage Il
gametocytes and those sharing robust occupancy with stage Il gametocytes are significantly associated (P <0.05)
with unique biological (bio.) processes that are less/not active during these respective stages. The number of
robustly occupied genes associated with the biological process is indicated to the left of each bar and is expressed a
% of all background genes associated with the term in P. falciparum parasites. Legend: Prot. exp. = protein export
into host erythrocyte; aggr. = aggregation; determ. = determination; mol. = molecule; met. = metabolism; gen. =
generation; H3K9me = methylation of H3K9; develop. = development; reg. = regulation. (b) Average expression
values (log2Cy5/Cy3) (94) on days 0-9 of gametocyte (GC) development for genes with robust occupancy in the pre-
stage Il and post-stage Il gametocytes with grey shadowed boxes indicating days on which the respective gametocyte
stages are present in culture.

2.3.6 H3K27me2&3 are significantly enriched in stage Il gametocytes

The transcriptional repression associated with H3K27me2&3 has been described previously in
model eukaryotes (229-232, 270, 303). However, as these histone PTMs were only recently

described in P. falciparum parasites, we sought to provide additional support for the repressive
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roles of H3K27me2&3 in Plasmodium, particularly in the stage Il gametocytes in which these
histone PTMs are highly abundant (133). To do so, the stage-dynamic nature and quantitative
potential of the ChIP-seq data was leveraged using a peak calling approach to complement the
qualitative assessment of histone PTM occupancy and define genomic regions significantly

enriched (g-value <0.05, present in both biological replicates) with H3K27me2&3.

Congruent with the observations of robust occupancy, peak calling indicated that chromatin in
stage Il gametocytes is far more enriched with H3K27me2&3 (848 and 947 sites, respectively)
(Appendix: Table S7) compared to the pre-stage 11 (231 and 262 sites, respectively) and post-stage
Il gametocytes (5 sites each) (Figure 2.11a). In the stage Il gametocytes, these H3K27me2&3
levels correspond to the significant enrichment of 603 and 738 genes (Figure 2.11a) with these
numbers equating to 23% and 27% of the H3K27me2&3 robustly occupied gene sets,
respectively. Less enrichment in the pre- and post-stage Il gametocytes translates to fewer genes
that are significantly associated with H3K27me2&3 (185 and 195 in pre-stage |l and 4 and 5 in
the post-stage Il gametocytes). Furthermore, in the stage Il gametocytes, enrichment of the
histone PTMs was predominantly associated with the regions upstream of the TSSs (61% and 70%
of the H3K27me2&3 enriched sites, respectively (Figure 2.11a) and therefore, subsequent

analyses were focused on these regions.

All P. falciparum genes were stratified into one of four categories based on H3K27me2&3 levels
upstream of TSSs in the stage Il gametocytes: 1) those completely depleted of the histone PTMs
(log2ChlP/input <0: 559 and 474 genes for H3K27me2&3, respectively), 2) those with occupancy
(log2ChIP/input >0: 2454 and 2168 genes), 3) robustly occupied genes (log2ChlIP/input >0.21:
2225 genes and log2ChIP/input 20.18: 2187 genes) or 4) enriched genes (365 and 501 genes with

significant enrichment) (Figure 2.11b).
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Figure 2.11: H3K27me2&3 enrichment is associated with transcriptional repression in P. falciparum stage I
gametocytes. (a) Clustered column graphs specifying the number of genes significantly enriched (i.e. called peaks
with g-value <0.05 and present in both biological replicates) with H3K27me2&3 (green and red, respectively)
upstream of TSSs (darker shading) or within CDRs (lighter shading) in the pre-stage Il, stage Il and post-stage ||
gametocytes. (b) All 5602 P. falciparum genes were stratified into one of four categories based on the level of
H3K27me2 (green) and H3K27me3 (red) levels present 750 bp upstream of TSSs in stage Il gametocytes: depleted
(log2ChlP/input <0), occupied (log2ChIP/input >0), robustly occupied (log.ChIP/input >0.21 and >0.2 for
H3K27me2&3, respectively) or enriched. For each of these categories, average transcript abundance (log2Cy5/Cy3)
(94) is plotted on days 0-8 of gametocyte (GC) development. The presence of stage Il gametocytes in culture is
highlighted by the grey shadowed regions across days 2-6.

For each category, the levels of H3K27me2&3 are inversely proportional to transcript abundance
(e.g. no repression associated with depletion and enriched genes with the greatest reduction in
transcript levels, Figure 2.11b), a relationship that confirms H3K27me2&3 are indeed associated
with transcriptional repression in the stage Il gametocytes. In addition to providing significance
to the data, the trends associated with these significantly enriched sites validate the qualitative
analysis used to determine robust occupancy. However, as the peak calling analyses were
superior at filtering out background, only the significantly enriched gene sets identified in this

way were employed in downstream analyses.

The transcriptional signatures associated with H3K27me2&3 in stage |l gametocytes appear
notably similar (Figure 2.11b) and to quantify these similarities, a differential binding analysis of
the histone PTM-enriched sites identified during peak calling was performed. This differential
analysis indicated extremely little divergence in the positioning of these two histone PTMs with

only 7% independently enriched with H3K27me2 and 2% with H3K27me3 (Figure 2.12). This is
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even more pronounced for the other gametocyte stages with only a single gene independently

enriched with H3K27me3 in the post-stage Il gametocytes and none in pre-stage Il.

Pre-ll Stg ll Post-ll

7%

2%

Figure 2.12: Extremely low divergence in the distribution of H3K27me2&3 enrichment in early gametocytes.
Differential binding analysis was performed between the H3K27me2- and H3K27me3-enriched gene sets in the pre-
stage Il, stage Il and post-stage Il gametocyte stages with the percentages indicating the proportions of genes that
are shared or independently enriched with either of the histone PTMs.

As the di- and tri-methylation of individual H3K27 residues are mutually exclusive (143), this
confirms that one of these states of H3K27 methylation is an intermediary product in the
generation of the other. In other eukaryotes, H3K27me2&3 are also have overlapping
enrichment and functions (231, 233, 238). Therefore, downstream analyses were conducted

using a consolidated list of all the H3K27me2&3-enriched sites in each stage.

2.3.7 H3K27me2&3 regulate transcription independently of other epigenetic

mechanisms

In other eukaryotes dual regulation by co-existing H3K9me3 and H3K27me2&3 has been
described (313), however, these histone PTMs are more frequently associated with discrete
functions (314, 315). We therefore sought investigate the potential association between
H3K9me3 and H3K27me2&3 in P. falciparum gametocytes. The interaction between H3K9me3
and HP1 is well-established as an important regulator of gene expression in the sexual stages of
the P. falciparum life cycle (135). A few individual genes within internal chromosome regions are
repressed via this mechanism, contrasting with the extensive domains of sub-telomeric

heterochromatin. These sub-telomeric regions, organised into discrete clusters within the
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nuclear periphery, consist largely of multi-gene families encoding erythrocyte invasion and
immune evasion proteins and nutrient transporters that are subject clonally variant expression

involving H3K9me3/HP1 (135, 209, 227, 316).

An evaluation of the consolidated set of 786 H3K27me2&3-enriched genes in the stage Il
gametocytes revealed a significant association with antigenic variation (P = 4.87e3’) and
modulation of host erythrocyte processes (P = 1.18e™*?), arising from the proportion (14%) of the
enriched genes that are members of the rif, stevor and var multi-gene families. Although the
precise role of the expression of these genes during commitment remains unclear, they are
released from heterochromatin and upregulated by AP2-G at this point and subsequently re-
repressed post-commitment (52, 94). Congruent with the repressive nature of H3K27me2&3
described here, both H3K27me2&3 are depleted (average occupancy of -0.01 and -0.06,
respectively) upstream of the members of these multi-gene families in pre-stage Il gametocytes.
In the proceeding stage Il gametocytes, these loci then become populated with H3K27me2&3 in
addition to the re-association of these genes with H3K9me3/HP1 in the stage II/1ll gametocytes
(135). Crucially, H3K27me2&3 enrichment is present at the proximal end of chromosome 2 and
distal end of chromosome 14 (Figure 2.13), the two regions that show notable H3K9me3/HP1-
mediated heterochromatin expansion in post-commitment gametocytes (135). These regions
contain the gene clusters associated with the erythrocyte remodelling that occurs during early
gametocyte differentiation including kahrp (PF3D7_0202000), kahsp40 (PF3D7_0201800) and
emp3 (PF3D7_0201900) on chromosome 2 and on chromosome 14, several exported proteins

(phist, PF3D7_1477300, PF3D7_1477400, 1477700, PF3D7_1478000) (58, 76, 317).

Interestingly, while both H3K9me3/HP1 and H3K27me2&3 populate these broad genomic areas
in stage |l gametocytes, the enrichment of particular gene regions by these histone PTMs is
predominantly independent. Similarly in other eukaryotes, H3K9me3 and H3K27me2&3 may be
present across the same broad genomic domains but have independent and non-redundant
functions (318-323). For example, we find that the broad abundance of H3K9me3/HP1 in the
CDRs of PF3D7_1476600, PF3D7_1477300 and PF3D7_1477400 contrasts with the depletion or
lower levels of diffused H3K27me2&3 at these sites (Figure 2.13).
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Figure 2.13: Independent H3K27me2&3 and H3K9me3/HP1 enrichment is characteristic of repressed genes during
early gametocyte development. H3K27me2&3 occupancy (average logz-transformed ChlP/input) across the broad
genomic regions (ends of chromosomes 2 and 14) previously identified as preferentially occupied by H3K9me3/HP1
(blue) in stage II/Ill gametocytes (135). Genes encoding proteins of the cytoadherance complex (PF3D7_0201900,
emp3 and PF3D7_0202000, kahrp) and early gametocyte makers (PF3D7_1476600; PF3D7_1477300, pfgl4-744;
PF3D7_1477400, phist) are highlighted by the grey shadowed regions with all data representative of two biological
replicates.

In CDRs enriched with both H3K9me3/HP1 and H3K27me2&3 (e.g. kahrp and emp3), these
epigenetic factors occur in independent patterns. This suggests that while H3K9me3 and
H3K27me2&3 are present in close genomic proximity, they do not co-exist on the same histone
in stage Il gametocytes. While H3K27me1 co-exists with H3R17me1l and H3K14ac in early-stage
and with H3K4me3 and H3K14ac in late-stage gametocytes, no combinations of mono-, di- or tri-
methylated H3K9 and H3K27 have been detected by either bottom-up (shorter peptides) (324)
or middle-down proteomics (longer peptides) (325). Taken together, this indicates that the stage
Il gametocyte-specific H3K27me2&3 enrichment occurs and functions independently of the re-
establishment of H3K9me3/HP1-mediated heterochromatin once post-commitment gametocyte

development begins.

While H3K9m3/HP1-mediated heterochromatin is reorganised throughout the P. falciparum
parasite life cycle (135), H3K9me3 is predominantly restricted to sub-telomeric regions (132,
227). No such bias towards certain chromosomal regions is present for H3K27me2&3 in the stage
Il gametocytes with the sites of enrichment relatively equally distributed across the lengths of
both the positive and negative strands of each of the 14 P. falciparum chromosomes (Figure

2.14).
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Figure 2.14: H3K27me2&3-enriched genes are uniformly distributed across the genome in stage Il gametocytes.
Genome-wide chromosome maps of H3K27me2 and H3K27me3 enrichment in stage Il gametocytes. The total
number of genes and genes with enrichment is indicated for each chromosome. Chromosome maps were generated
using the JBrowse genome viewer in PlasmoDB (326).

Furthermore, there is no evidence of preferential enrichment of certain chromosomes by
H3K27me2&3 as has been demonstrated to be the case for H3K9me3 (135). This linear
distribution of H3K27me2&3 enrichment in stage Il gametocytes therefore further supports the
independent nature of theses repressive mechanism. Finally, in contrast to H3K9me3,
H3K27me2&3-associated repression reflects the broad genome-wide re-setting of gene
expression that generates a transcriptional environment optimal for subsequent gametocyte

development.
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2.3.8 Chemical interrogation of histone methylation highlights the importance of

histone PTMs in P. falciparum gametocytes

The enrichment of H3K27me2&3 in stage Il gametocytes remains intriguing given the absence of
PRC2 subunit homologs in Plasmodium parasites (200). Nevertheless, genetic disruption studies
have alluded to the existence of alternative H3K27-specific methyltransferases (327-329). To
begin the process of elucidating the writers of H3K27me2&3 in P. falciparum, epigenetic complex
inhibitors (epidrugs) were used as tools to interrogate HMT activity based on the epidrugs’
confirmed targets in other organisms. From a commercial epidrug library, nine histone
methyltransferase inhibitors (HMTi) were selected and screened at 5 uM for 24 h against pre-
stage Il and stage Il gametocyte populations. Pre-stage Il gametocyte samples contained a large
proportion of asexual-stage parasites (91%), some stage | gametocytes (8 £ 3%) and few stage |l
gametocytes (1 + 1%). The stage Il samples (day 4 and 5) predominantly consisted of stage Il
gametocytes (77 £ 11%) with smaller proportions of asexual parasites (10 £ 12%) and stage | (5 £

3%) and stage Ill (8 + 4%) gametocytes.

GSK343 was the most potent inhibitor (96%) of stage Il gametocyte viability among the four
epidrugs that target EZH2 (Enhancer of Zeste homolog 2), the major catalytic subunit of PRC2
(330, 331) (Table 2.1). Despite sharing a target, GSK343, 3-Deazaneoplanocin (DZNep) and
UNC1999 have distinct transcriptional fingerprints and disrupt different pathways in cancer cell
lines (332, 333). These differences in the downstream effects of target inhibition could explain
the lower potency of DZNep (52%) and UNC1999 (78%) compared to GSK343 specifically in P.
falciparum stage 1l gametocytes in which transcriptional reprogramming and differential pathway
regulation drive the transition from early gametocyte differentiation to intermediate
development (94). This postulation is supported by relatively similar levels of activity of these
four epidrugs in the pre-stage Il gametocytes (Table 2.1). Additionally, the lower potency of
GSK126 (58%) compared to GSK343 in stage |l gametocytes aligns with previous observations in
cancer cell lines where increased potency has been attributed to GSK343’s enhanced membrane

permeability (334-336).
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Likewise, one of the G9a inhibitors, UNC0224 was more active compared to the others, inhibiting
83% of stage |l gametocyte viability compared to only 72% and 62% for UNC0638 and BIX-01294,
respectively (Table 2.1). This is not unexpected since UNC0224 was obtained from the
derivatisation of BIX-01294 in order to improve activity (337). Although more potent in cell-free
assays, the poorer pharmacokinetic properties of UNC0638 compared to the UNC0224 parent
inhibitor provides a possible explanation this epidrug’s lower activity in the stage Il gametocytes
(338). The s-adenosyl-homocysteine (SAH) hydrolase inhibitor neplanocin A (339) and chaetocin
(inhibitor of SUV39H1) (340) were not particularly potent, inhibiting 61% and 64% of the stage |l

gametocytes, respectively (Table 2.1).

Table 2.1: Selected histone methyltransferase inhibitors screened against early gametocytes. Pre-stage
II (91% asexual parasites, 8 £ 3% stage | and 1 + 1% stage Il gametocytes) and stage Il (77 £ 11% stage |l,
5+3% stage | and 8 + 4% stage Ill gametocytes and 10 £ 12% asexual parasites) gametocytes were subject
to treatment with HMT inhibitors (5 uM) for 24 hours with the % of gametocyte inhibition determined
thereafter. Results represent the average of two biological data points for each stage with drug assays
performed in technical triplicate for each. The mammalian target and possible target in P. falciparum are
provided. The two epidrugs with the greatest degree of activity against stage |l gametocytes are
highlighted by bold text.

Possible target in Gametocyte inhibition (%)

Inhibitor Mammalian target ,
P. falciparum Pre-stage Il Stage Il
GSK343 SUV39H1 SET3 49
UNC1999 EZH2
GSK126 EZH2
3-Deazaneoplanocin  EZH2
Chaetocin SUV39H1 SET3
UNC0224 G9a
UNCO0638 G9a SET7
BIX-1294 G9a
Neplanocin A SAHH SAHH

The reduced transcript abundance of the possible target of neplanocin A, sahh (PF3D7_0520900)

in the stage Il gametocytes (Figure 2.15) is congruent with the lower potency of this epidrug.

© University of Pretoria
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Figure 2.15: Transcription profiles of the potential targets of histone methyltransferase inhibitors during early and
intermediate gametocyte development. Expression profiles (log2Cy5/Cy3) of genes encoding the P. falciparum
histone methyltransferases setl (PF3D7_0629700), set3 (PF3D7_0827800), set6 (PF3D7_1355300), set7
(PF3D7_1115200) and sahh (PF3D7_0520900) on days O to 7 of gametocyte (GC) development (94). The grey
shadowed region represents days on which stage Il gametocytes were present in culture.

The expression levels of set3 and set7 in the stage Il gametocytes (Figure 2.15) suggest that these
HMTs may be involved in the deposition of H3K27me2&3 in P. falciparum parasites. During
eukaryotic cellular differentiation, G9a-mediated H3K9 methylation predominantly silences
previously euchromatic genes (341), similar to the activities of H3K27me2&3 in stage |l
gametocytes. In addition to its characteristic H3K9 methyltransferase activity, G9a is also able to
methylate H3K27 in vitro (342) and in vivo (327). While H3K9 is the major substrate of SET7
(homologous to G9a), in vitro this HMT also methylates H3K27 (200), supporting the involvement

of SET7 in generating the enrichment of H3K27me2&3 in stage Il gametocytes.

In light of these considerations and the potency of GSK343 and UNC0224 towards the stage Il
gametocytes, these two epidrugs were further evaluated using the same treatment conditions
used in the primary drug screen (5uM, 24h) to determine if their activity is linked to the inhibition
of H3K27 di- and tri-methylation. Untreated stage Il gametocytes showed 5- and 7-fold greater
levels of H3K27me2 compared to those treated with GSK343 and UNC0224, respectively (Figure
2.16). Furthermore, both epidrugs almost completely abolished the presence of H3K27me3 (19-
and 15-fold lower for GSK343 and UNC0224, respectively) compared to the untreated control
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gametocytes (Figure 2.16). The greater effect of these HMTi epidrugs on H3K27me3 supports
the intermediary nature of H3K27me2 and demonstrates that histone methylation is specifically

affected by HMTi in Plasmodium parasites.
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Figure 2.16: The activity of the histone methyltransferase inhibitors, GSK343 and UNC0224, is associated with
H3K27 hypomethylation in stage Il gametocytes. (a) Detection of changes in H3K27me2&3 levels by dot blot analysis
of stage Il (days 3-5) gametocytes treated for 24 h with 5 uM GSK343 (maroon) or UNC0224 (green) compared to
untreated (UT, gray) control gametocytes prepared in parallel. Data are representative of a single biological replicate
for each day of treatment. Methylation levels are expressed as the relative density units (RDU) for each sample
above background.

These findings support UNC0224 and GSK343 as inhibitors of HMT activity in P. falciparum
parasites. Next we sought to predict whether UNC0224 (G9a) and GSK343 (EZH2) specifically
inhibit SET7 and SET3 in P. falciparum gametocytes, respectively using a computational molecular
docking approach. Models were obtained from the AlphaFold 2.0 database that contains high-
quality structural predictions for 5187 P. falciparum proteins including SET3 and SET7. AlphaFold
2.0 uses a novel machine learning approach to predict protein structures with atomic accuracy
even in the absence of homologous structures (284), making it ideal for predicting protein folding
in Plasmodium parasites. Indeed the confidence levels for the SET domain-containing regions of
the SET3 and SET7 models obtained from AlphaFold 2.0 were substantially higher (per-residue
score >70, indicating high to very high confidence models) compared to those generated within
SwissModel (283) (global mean quality estimate (GMQE) = 0.25 and 0.35 for SET3 and SET7,
respectively). Thus, UNC0224 and GSK343 were docked into the SET7 and SET3 models predicted
by AlphaFold 2.0 using SwissDock (285).
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Predicted binding sites for SET7-UNC0224 were represented by 35 clusters with populations of
between three and eight members. Of these, 13 clusters demonstrate binding within the SET-
domain (Glu3>3-Tyr>>!) with one of these clusters corresponding to the direct occlusion of residues
(Asn*%>, Ala%%®, Ser>13, Met>'* and Leu>'®) predicted to be critical for the active site of SET7. The
third member of this cluster represents a binding mode between UNC0224 and SET7 with Gibbs’

free energy, AG =-11.7 kcal/mol (Figure 2.17a).

The docking of GSK343 into SET3 resulted in 34 clusters consisting of between two and nine
members. Eight of these clusters represent a favourable interaction between GSK343 and the
SET domain-containing region (Tyr?2°2-11e238) with AG values for individual binding modes ranging
from -8.26 to -10.26 kcal/mol. Unfortunately, no predictions of the critical amino acid residues

are currently availble for the active site of SET3.
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Figure 2.17: Molecular docking predicts the favourable binding of HMTi into P.falciparum SET7 and SET3.
Predicted models for SET7 and SET3 were obtained from AlphaFold (www.alphafold.ebi.ac.uk) (284). Ligand
structures for were generated using the canonical SMILES in UCSF Chimera (282) and obtained from the ZINC
database (281) for UNC0224 and GSK343, respectively. Protein and ligand structures were prepared with Dock Prep
(282) followed by docking with SwissDock (285). Visualisation of the docking results was performed using UCSF
Chimera (282). (a) The SET domain of SET7 is coloured light blue with critical amino acid residues within the active
site indicated by dark blue to distinguish these regions from the rest of the protein (grey). The most favourable
binding mode from the cluster corresponding to a direct occlusion of critical amino acid residues is shown with free
energy value. (b) The SET domain is coloured orange to distinguish the region from the rest of the predicted
structure for SET3. The most favourable binding mode from the eight clusters representing SET domain-specific
binding is shown with corresponding free energy (AG) value.

The binding mode with the most favourable interaction for SET3-GSK343 has predicted binding
energy of AG = -10.26 kcal/mol (Figure 2.17b). These molecular docking predictions provide
evidence supporting that the activities of GSK343 and UNC0224 may arise from SET3 and SET7
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inhibition, respectively, the postulated targets for these inhibitors in P. falciparum gametocytes.
However, it is important to note that this does not exclude the possiblity of other targets that

may also be inhibited by these epidrugs.

Next, to investigate the transcriptional perturbations underlying the gametocytocidal activity and
H3K27 hypomethylation induced by UNC0224 and GSK343 in the stage Il gametocytes, genome-
wide expression profiling was performed using the same treatment conditions (24 h, 5 uM) used

in previous experiments.

Treatment of stage Il gametocytes with GSK343 induced differential expression (log2FC > 0.5 in
either direction) of 1192 genes, equating to ~22% of the genome (Appendix: Table S8). Large
proportions of the 563 differentially expressed (DE) genes with increased transcript abundance
belong to the broad functional categories of host erythrocyte remodelling (6%), invasion (8%)
and gene expression (15%) or not classified (28%, owing to the current lack of functional
annotation) (Figure 2.18). The genes not falling into any of these categories (43%) are
significantly associated with ncRNA processing (P = 0.044), mRNA splicing (P = 0.024), cell motility
(P = 0.029) and DNA replication (P = 0.01; Appendix: Table S9), each of which were also
significantly linked with H3K27me2&3-enriched gene sets in stage Il gametocytes (see section

2.3.7).

Accordingly, 59% of the genes with increased expression have robust H3K27me2&3 occupancy
in stage Il gametocytes (Figure 2.18). This suggests that the activity of GSK343 does indeed lead
to abnormal expression of genes that are associated with H3K27me2&3-associated repression in
the stage Il gametocytes. A slightly greater number of genes (629) had reduced transcript
abundance downstream of GSK343 treatment however, a similar proportion (57%) of these were
associated with robust H3K27me2&3 occupancy in stage Il gametocytes (Figure 2.18). Genes
with decreased transcript abundance could be similarly categorised based on the functional
annotations of host erythrocyte remodelling (6%), invasion (12%), gene expression (15%) or a

lack thereof (31%).
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Figure 2.18: GSK343 induces abnormal transcription patterns in stage Il gametocytes. Functional classification of
DE genes (with increased (red) or decreased (blue) expression) in response to GSK343 in stage |l gametocytes. The
number of DE genes assigned to each biological category is shown and expressed as a proportion (%) of the full DE
gene set. The proportion of genes that is robustly occupied by H3K27me2&3 (log.ChIP/input >0.21 and >0.2,
respectively) in the stage Il gametocytes is shown on the inner most segment with data representative of two
independent biological repeats.

The set of genes assigned to the category “other” (36%) is significantly associated with pH
regulation (P = 0.008), fatty acid transport (P = 0.036) and mRNA modification (P = 0.036, Figure
2.18). As fatty acid metabolism is extensively remodelled during sexual development to supply
a sufficient source of lipids for energy and membrane formation (310, 312), the disruption of this

process by GSK343 during gametocyte development would be particularly detrimental.

Interestingly, UNC0224 perturbed the expression of a larger fraction (36%) of the stage Il
gametocyte genome compared to GSK343. This UNC0224-mediated disruption is underpinned

by 919 and 1041 genes with increased and decreased transcript levels, respectively. Relatively
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similar proportions of genes with increased and decreased transcript abundance could be
functionally categorised into the invasion (8 and 9%, respectively) and gene expression (17 and
18%, respectively) classes (Figure 2.19). However, the number of genes with increased transcript
abundance that are functionally associated with erythrocyte remodelling (6%) was double that

of genes with reduced transcript levels (3%).
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Figure 2.19: Genome-wide fingerprint of the transcriptional disruption induced by UNC0224 in early gametocytes.
Classification of DE genes (with increased (red) or decreased (blue) transcript abundance) based on function with
the number of genes within each biological process shown and expressed as a proportion (%) of the entire set of DE
genes. The inner-most grey segment indicates the proportion of DE genes with robust H3K27me2&3 occupancy in
the stage Il gametocytes with data representative of two biological replicates.

Genes with increased transcript abundance are of particular interest since inhibiting the
methylation of H3K9 and H3K27 would lead to the loss of normal transcriptional repression. The
genes in the category “other” (40%) (Figure 2.19) are significantly associated with processes that
are suppressed during early gametocyte development including the asexual parasite-specific

processes of cell cycle regulation (P = 0.011), DNA replication (P = 0.026), microtubule
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organisation (P = 0.008) and translation (P = 0.015; Appendix) (Table S9) and become active in
the late gametocyte and gamete stages (93, 343). Fewer UNC0224-specific DE genes are
associated with robust levels of H3K27me2&3 occupancy (43% of genes with decreased
transcript abundance) compared to GSK343. This combined with the broader transcriptional
disruption by UNC0224 compared to GSK343 (36% vs. 22% of the genome) could arise from the
aberrant methylation of both H3K9 and H3K27 as a result of SET7 inhibition by UNC0224.

A comparison of the transcriptional signatures associated with the epidrugs in stage I
gametocytes indicated that 52% and 32% of the GSK343 and UNC0224 DE genes overlap (Figure
2.20). This set of 624 commonly dysregulated genes is significantly associated with the molecular
functions of lipase activity (P = 0.029) and carboxylic acid transmembrane transport (P = 0.047),
highlighting the link between gametocyte metabolism and the potency of GSK343 and UNC0224
(Appendix: Table S9). Furthermore, these shared genes encode protein products involved in DNA
binding activity (P =0.024) and H3K4 methylation (P =0.012) (Figure 2.20) both of which underpin
the effect of the inhibitors on epigenetic genome regulation. The DE genes that are unique to
each inhibitor reflect the differential target inhibition by GSK343 (SET3) and UNC0224 (SET7) as

determined by molecular docking.

Biol. process p-value

GSK343 DNA binding 0.024
568 Lipase activity  0.029
624 CAt/mtransp. 0.047
1337 PIP binding 0.035
H3K4 methyl. 0.012
—_—
UNCO0224 0 50 100
Genes with
term (%)

Figure 2.20: Comparison of the transcription fingerprints associated with GSK343- and UNC0224-treated early
gametocytes. Genes with differential expression (logz2FC >0.5 in either direction) induced by GSK343 and UNC0224
in the stage Il gametocytes were compared and the biological (biol.) processes significantly associated (P-value
<0.05) with both inhibitors are shown.
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2.4 Discussion

Deciphering the intricate life cycle of Plasmodium parasites and the regulation thereof is
foundational to accelerate the discovery and development of novel chemotherapeutics for
malaria eradication (344-346). To date, only a handful of epigenetic mechanisms had been
examined in the context of gametocyte development (89, 135, 347). However, the extensive
transcriptional reprogramming that occurs during gametocytogenesis and the limited genomic
distribution of the constitutive heterochromatin regulator, H3K9me3 (135, 262, 264) strongly
implied contributions by additional epigenetic mechanisms. In this chapter, the stage Il
gametocyte-specific abundance of H3K27me2&3 was studied through a combination of ChIP-seq
and transcriptional profiling following chemical perturbation of histone methyltransferase
activity. This integrated approach provides a thorough demonstration of the link between
H3K27me2&3 and transcriptional regulation, thereby lending evidence to the existence of
functional H3K27me2&3 in Plasmodium parasites which until recently (133), was not clear.
Specifically, H3K27me2&3 contribute to gene regulation during the transition from early (stage
I) to intermediate (stage lll/1V) gametocyte development. The stage |l gametocyte has previously
been postulated as a key transition point at which non-essential processes are “switched off” to
allow subsequent development (94). Indeed, we find that H3K27me2&3 enrichment and

repression of asexual stage-related genes is prolific in stage Il gametocytes.

H3K27me2&3 are typically indicative of gene repression and are more commonly involved in
transcriptional reprogramming during the early and intermediate stages of eukaryotic cellular
differentiation (232, 240, 266-270). Notably, we observe that these characteristic eukaryotic
trends of H3K27me2&3 distribution and function are conserved in Plasmodium parasites. In
stage Il gametocytes, intragenic regions are most highly enriched with H3K27me2&3, congruent
with the distribution of these histone PTMs when functioning in a repressive capacity in higher
organisms (241, 242, 348). Additionally, the H3K27me2&3-associated repression of genes that
become obsolete during gametocytogenesis emphasises that the cellular differentiation-specific
roles of these histone PTMs are preserved in Plasmodium parasites. The pre- and post-stage Il
gametocyte populations used in this study not only served as controls to define stage Il

gametocyte-specific trends but also further implicate H3K27me2&3 as a repressive mechanism
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in P. falciparum parasites. Although considerably fewer, the presence of H3K27me2&3-enriched
genes in pre- and post-stage Il gametocytes implies that these histone PTMs may function in a
less prominent capacity in the other life cycle stages similar to the maintenance functions of
H3K27me2&3 in differentiated cells in higher organisms (349-351). In this study due to the
significant overlap between H3K27me2 and H3K27me3 enrichment, we predominantly evaluated
these histone PTMs as a single entity. We note that this overlapping enrichment reflects one of
two possible scenarios: 1) one of these histone PTMs is present as an intermediate in the
formation of the other or, 2) the presence of nucleosomes that have an asymmetrically modified
histone H3 pair. To date, little is known regarding their functional relevance and how common
asymmetrically modified nucleosomes are among eukaryotes however, H3K27me2&3 have been
reported to asymmetrically modify nucleosomes in embryonic stem cells (306). Therefore, our
findings facilitate future investigations into the possible presence of asymmetrically modified

nucleosomes in Plasmodium parasites.

The diffuse distribution of H3K27me2&3 and lack of bias towards the enrichment of certain
chromosomal regions or multi-gene clusters in P. falciparum parasites reflects the typical nature
of these histone PTMs in differentiating cells (238, 239, 244). Furthermore, we find H3K27me2&3
enrichment is predominantly independent from the restricted distribution of H3K9me3 (135) in
the stage Il gametocytes, indicating that the mechanisms of H3K27me2&3 enrichment and
repression are independent of other epigenetic regulators. Similarly in model eukaryotes, the
deposition and removal, genomic distributions and functions of H3K9me3 and H3K27me2&3 are
largely independent with these histone PTMs rarely present on the same histone (261, 267, 270).
Congruent with this, studies employing bottom-up (133) and middle-down (325) mass
spectrometry did not identify combinations of H3K27me2&3 with H3K9me3 on the same histone
throughout the P. falciparum life cycle. Together, these data support the largely independent
distribution and non-redundant function described here for H3K27me2&3 in stage |l

gametocytes.

HDACs are responsible for the removal of acetyl PTMs from histones with this enabling and
promoting the subsequent methylation of lysine residues (352). This is particularly prominent

following eukaryotic stem cell fate decision where enhanced HDAC activity leads to H3K27
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deacetylation in favour of the tri-methylation of these residues. This H3K27me3 is subsequently
involved in repressing genes that are irrelevant for the differentiation of a particular cell type
(243, 353). Similarly, in P. falciparum stage |l gametocytes, H3K27me2&3 enrich and repress
genes that are not required for gametocyte differentiation. In stage | gametocytes, acetylation
is more abundant at certain sites, including H3K27 and H3K9, compared to the subsequent
developmental stages (133). Interestingly, the HDAC inhibitor, JX21108 has stage-specific
efficacy towards P. falciparum stage |l gametocytes (354), suggesting that chromatin
deacetylation may be critically important at this stage. These findings provide an interesting
guestion for future investigation as to whether regions associated with H3K27ac in stage |
gametocytes overlap with H3K27me2&3-enriched sites identified in this study. If so, this would
suggest that as in higher eukaryotes (243, 353), the deacetylation of H3K27 is a prerequisite for

the H3K27me2&3 accumulation that subsequently drives gametocyte development.

Following fertilisation in mice, H3K4 is tri-methylated leading to the activation of master
transcriptional regulators with this followed by a genome-wide increase in H3K27me3 levels.
Thereafter, the distinct H3K4me3- and H3K27me3-associated chromatin domains independently
drive the transition from the two-cell stage to a blastocyst (236). H3K4me3 abundance also
increases in the stage | gametocytes (133) however, the functional relevance of this for
transcriptional regulation remains unknown. Thus, it will be interesting to examine whether
H3K4me3 similarly activates sexual commitment master regulators prior to their enrichment and

repression by H3K27me2&3 once gametocytogenesis has been established.

This conservation of eukaryotic epigenetic mechanisms for regulating sexual differentiation in
Plasmodium parasites is underscored by the cross-species potency and induction of H3K27
hypomethylation in stage Il gametocytes by the mammalian HMTi, GSK343 and UNC0224. It
could be argued that the use of epidrugs to probe HMT activity was not ideal to identify the
enzymes responsible for H3K27me2&3 in Plasmodium parasites, particularly in the case of
inhibitors of G9a (UNC0224), an HMT with site-specificity towards both H3K9 and H3K27 (327,
342). However, as the Plasmodium parasite genome lacks the ubiquitous H3K27-specific
modifying complexes (200), there were no clear candidate HMTs that could be targeted in genetic

manipulation experiments. Thus, the use of epidrugs that have been well-studied in mammals
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(337, 355, 356) was a logical starting point in the effort to understand histone methylation in
Plasmodium parasites. This chemical interrogation emphasised the importance of histone PTMs
and epigenetic regulation as a whole for the transmissible stages of the malaria parasite. Despite
their efficacy against gametocytes, UNC0224 and GSK343 could not be developed as anti-malarial
medications due to the evolutionary conservation of epigenetic mechanisms in eukaryotes.
Nevertheless, this study shows that these and other similar inhibitors are invaluable tools for
studying epigenetic regulatory mechanisms. Indeed, the use of GSK343 and UNC0224 provided
novel insights into the mechanisms regulating P. falciparum gametocytogenesis and illuminated

SET3 and SET7 as clear candidates for the further investigation of H3K27-specific HMTs

Together, these findings provide substantial evidence that epigenetic regulation and in particular,
histone PTMs, are crucial transcriptional regulators in gametocytes. Although the morphological
stage transitions and associated transcriptional shifts during gametocytogenesis have been well-
studied (94), the mechanisms regulating these broad changes remained elusive. This study
provides the first examination of specific factors that contribute to the transcriptional
reprogramming during early gametocyte differentiation. As in other eukaryotes (229, 231, 236,
243), H3K27me2&3 play an integral part in directing the transcriptional program required for
gametocyte differentiation. Ultimately, this chapter contributes to a greater understanding of

epigenetic regulatory mechanisms in the transmissible stages of the human malaria parasite.
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Chapter 3

H3K36me2&3 reprogram gene expression to drive early gametocyte

development in Plasmodium falciparum

The work in this chapter has been published as follows:

Connacher J., Josling G.A., Orchard L.M., Reader J., Llinds M., Birkholtz LM. H3K36
methylation reprograms gene expression to drive early gametocyte development in
Plasmodium falciparum. Epigenetics Chromatin. 2021 Apr 1;14(1):19 (347).

Drug microarrays presented in this chapter were published as follows:

Reader, J., van der Watt, M.E., Taylor, D., Le Manach, C., Mittal, N., Ottilie, S., Theron, A,
Moyo, P., Erlank, E., Nardini, L., Venter, N., Lauterbach, S., Bezuidenhout, B., Horatscheck,
A., van Heerden, A., Spillman, N.J., Cowell, A.N., Connacher, J., Opperman, D., Orchard,

L.M,, Llinds, M., Istvan, E.S., Boyle, G.A., Calvo, D., Mancama, D., Coetzer, T.L., Winzeler,
E.A., Duffy, J., Koekemoer, L.L., Basarab, G., Chibale, K. and Birkholtz, L.M. Multistage and
transmission-blocking targeted antimalarials discovered from the open-source MMV
Pandemic Response Box. Nature Communications, 2021;12(1):269 (357).

3.1 Introduction

Malaria remains a serious threat to public health in most of the developing world and is
responsible for millions of deaths annually (1). Nevertheless, progress is being made toward the
global eradication of the disease (358). Malaria eradication relies on preventing the transmission
of Plasmodium parasites between human hosts, facilitated by the mosquito vector. Inthe human
host, malaria parasites exist either as the asexual proliferative stages, responsible for the
symptoms of malaria, or as sexually differentiated and transmissible gametocytes (43, 51). The
extended 10-12 day process of gametocyte development is characterised by morphologically
distinct stages (I-V) and is unique to the human malaria parasite, Plasmodium falciparum. Mature
gametocytes are the only stage within the life cycle that can be transmitted to a new human host
and as such, the mechanisms and processes underlying gametocyte differentiation and

development are ideal targets for transmission-blocking interventions (40, 45, 359).
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The transition from one stage to the next in the P. falciparum life cycle is driven by global gene
expression reprogramming that is tightly regulated by complex transcriptional and post-
transcriptional control mechanisms (104, 343, 360). Additionally, epigenetic factors are known
to establish and maintain the transcriptional programs that support proliferation in asexual
parasites and are postulated to do the same during gametocyte development (183). The histone
PTM landscape in P. falciparum parasites is dynamic with each life cycle stage associated with a
unique subset of PTMs that have been postulated as fundamental for generating the specialised
transcriptional program for the stage (133). Accordingly, several histone PTMs have shown to be
functionally relevant for asexual parasite processes (361). For example, H3K4me3, H3K8ac and
H3K9ac are involved in the transcriptional activation of stage-specific genes encoding products
that drive proliferation and the maintenance of the euchromatic genome that is characteristic of
the asexual parasite stages (184, 188, 203, 218, 260). By contrast, H3K36me?2 is anti-correlated
with global transcript abundance in asexual parasites and as such, is likely to be repressive in
these stags (258). While more often linked to broad maintenance functions such as the
conservation of genomic integrity, H3K36me2 also directs gene repression in model eukaryotes
(362-364). H3K36me3 is also associated with transcriptional silencing and regulates the mutually
exclusive expression of single members belonging to the multi-gene invasion, immune evasion
and export protein families, thereby contributing to the parasite’s extensive capacity for
phenotypic plasticity (205, 209, 365). H3K36me2&3 are both well-documented regulators of

eukaryotic cellular differentiation and development (269, 362, 366).

During proliferation, sexual stage-specific genes are silenced either by the lack of expression of
their transcription factors or by their localisation within H3K9me3/HP1-mediated
heterochromatin (89, 227). Sexual differentiation involves the release of the commitment
master switch, ap2-g from this repressive chromatin structure, resulting in a transcriptional
environment that drives sexual commitment (52, 77, 86, 135). However, only a handful of studies
have examined the epigenetic mechanisms that are associated with post-commitment
gametocyte development (89, 135, 195). Aside from the demonstrated role of H3K9me3/HP1 in

heterochromatin rearrangement for stage-specific gene sets during gametocytogenesis (359),
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the functions of histone PTMs in generating gametocyte-relevant transcriptional programs have

not been studied.

The dynamic nature of the histone PTM landscape during gametocyte development and
departure from the patterns observed during asexual proliferation are predictive of roles for
these histone PTMs in directing gametocyte stage-specific transcription in a way similar to that
in the asexual parasites (89, 132, 135, 183, 218, 361, 367). In line with this, the shifts in the
histone PTM and transcriptomic landscapes occur in parallel with morphological stage transitions
in gametocytes (94, 133). The striking peak abundance of H3K36me2&3 occurring uniquely in
the stage Il gametocytes is intriguing, particularly given the corresponding changes in the
transcriptome and morphology associated with the transition from early differentiation (stage |)
to intermediate (stage Ill) development (94, 133). Therefore, we set out to examine the
functional consequences of this increase in histone PTM abundance during the early stages of
gametocytogenesis (133). To do so, chromatin immunoprecipitation followed by high-
throughput sequencing (ChIP-seq) performed using three distinct gametocyte populations and
the results integrated with published data from other ChIP-seq and transcriptome profiling
studies. This chapter provides a comprehensive map of H3K36me2&3 occupancy during early
and intermediate gametocyte development and documents the role of these histone PTMs in the
transcriptional reprogramming underlying the transition from early gametocyte differentiation
to intermediate development (94). Furthermore, through the chemical interrogation of HDM
activity, this work highlights the importance of histone methylation for sexual differentiation in
P. falciparum parasites and in particular, the role of H3K36me2&3 for gene expression in early
gametocyte development. The combined use of histone methylation profiling and whole
transcriptome analysis revealed a link between histone demethylation and the enhanced
gametocytocidal activity of the mammalian Jumonji-C HDM inhibitors, JIB-04 and ML324 (212,
368). The inherent novelty of the work presented here is embedded in the first association
between H3K36me2&3 and gene regulation in gametocytes. Furthermore, this work provides
evidence to support the postulation that the dynamic deposition and removal of histone PTMs
drives gene expression reprogramming during P. falciparum sexual differentiation and

development.
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3.2 Materials and methods

3.2.1 In vitro parasite culturing

The P. falciparum NF54 parasite cultures used here for the ChIP-seq and microarray experiments
were the same as those used for the experiments in Chapter 2 (section 2.2.1) and thus the in vitro
cultivation methodology is identical to that followed previously. For histone methylation
profiling and DNA microarray experiments, single biological replicates were generated. Two
independent cultures were prepared as biological replicates for each of the ChIP-seq and ChIP-

qPCR experiments.

3.2.2 H3K36me2&3 ChIP antibody validation

The commercial antibodies selected for the ChlP-seq study were previously demonstrated (same
batch numbers) to be specific towards H3K36me2&3 in P. falciparum and other eukaryotes (205,
233, 367, 369-371). Nevertheless, the specificity of the ChIP-grade rabbit a-H3K36me2 (Abcam,
ab9049) and a-H3K36me3 (Abcam, ab9050) antibodies was validated using modified and
unmodified synthetic peptides (Genscript) of the P. falciparum 3D7 histone H3 sequence as per
ENCODE standards (www.encodeproject.org) and using the same methodology outlined in
Chapter 2 (section 2.2.2 and Appendix: Table S1). Briefly, the modified peptides were di- or tri-
methylated on K9, K27 or K36 each with a corresponding unmodified peptide. Nitrocellulose
membranes containing 25 ng spots of each peptide were blocked for 30 min in blocking buffer
and incubated with primary antibodies (1:5000) against H3K36me2 or H3K36me3 overnight
followed 1 h incubation with HRP-conjugated rabbit a-lgG secondary antibody (1:10000).
Chemiluminescent signal intensity was subsequently quantified using densitometry in Image)

analysis software (276).
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3.2.3 H3K36me2&3 chromatin immunoprecipitation

ChlP was performed as previously described (52) with modifications as described in section 2.2.3.
Briefly gametocytes (1-3% gametocytaemia, fixed in 1% formaldehyde for 10 min at 37°C
followed by 0.125 mM glycine quenching) were released from erythrocytes using 0.1% (w/v)
saponin. Thereafter, chromatin was sonicated and then pre-cleared using Protein A/G magnetic
beads (Millipore 16-663). Aside from a small quantity set aside to serve as input material, the
pre-cleared chromatin was incubated overnight with 3 ug of a-H3K36me2 or a-H3K36me3
antibodies. Cross-linking was reversed, the DNA was treated with RNAseA and Proteinase K and

subsequently purified.

3.2.4 DNA library preparation and sequencing

DNA libraries were prepared for sequencing as in Chapter 2 (section 2.2.4) and as described
elsewhere (52). In brief, DNA fragments were end-repaired and A-tailed followed by the ligation
of indexed adaptors. The size (250 bp) selected fragments were then PCR amplified and the
resulting DNA products were purified with integrity and concentration determined by Qubit

fluorometry. Sequencing of the DNA libraries was carried out on an lllumina HiSeq 2500.

3.2.5 ChIP-qPCR

ChlIP-gPCR was performed on the same material used for ChIP-seq and as described in section
2.2.5. Using 10x serial dilutions of NF54 genomic DNA all primers were determined to be 290%
efficient and specific, evidenced by single peaks on the melting curves. ChIP-gPCR data were
analysed using the AACt method and values are expressed as fold enrichment of IP to input DNA,
averaged for two biological replicates for H3K36me2&3 in stage |l and post-stage Il gametocytes.
Pre-stage Il gametocyte data represents only one replicate as insufficient DNA was obtained for

the second replicate samples.
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3.2.6 Epigenetic inhibitor assays

The in vitro activity of five histone demethylase inhibitors from the Cayman Epigenetic Screening
Library (Cayman Chemicals, #11076, batch 0498084-1) was screened in early gametocytes with
the pLDH assay as described previously in section 2.2.6 (274). The inhibitors were dissolved in
DMSO and prepared in culture media to obtain final drug concentrations of 5 uM with these
dilutions screened against pre-stage Il (days 2 and 3 cultures for two replicate data sets spanning
pre-stage Il development) and Il gametocytes (days 4 and 5 for stage Il gametocyte replicates) in
technical triplicate. Malstat reagent and PES/NBT were added prior to the measurement of

absorbance (620 nm) to determine gametocyte viability (%).

3.2.7 Detection of global changes in H3K36me2&3 patterns

Stage Il gametocytes (day 3, 4 and 5) were treated with either ML324 or JIB-04 (5 uM) and
sampled 24 h thereafter. Histones were extracted as described before (184) with minor
modifications as outlined in Chapter 2 (section 2.2.7). Briefly, dounce homogenisation was used
to extract nuclei in a hypotonic lysis buffer supplemented with protease inhibitors. Histones
were extracted overnight using HCl, precipitated with TCA, washed with acetone and finally
reconstituted in dddH;0. Protein concentration was determined using the BCA Protein Assay Kit
prior to the quantitative spotting of histones (100 ng) on nitrocellulose membranes. Membranes
were submerged in blocking buffer for 30 min followed by 1 h incubation with a-H3K36me2
(Abcam, ab9049) or a-H3K36me3 (Abcam, ab9050) primary antibody dilutions (1:5000 in TBS-t).
Membranes were washed three times in TBS-t and then incubated with HRP-conjugated rabbit
a-lgG antibody (1:10000) for 1 h. Chemiluminescent signal was quantified with ImagelJ analysis
software (276).

3.2.8 DNA microarrays

DNA microarrays (60-mer, Agilent Technologies, USA) based on the full P. falciparum genome

(280) were used to assess global transcriptomic changes (as described in section 2.2.8) in stage Il
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gametocytes treated with 5 uM ML324 or JIB-04. Gametocyte cultures (1-3% gametocytaemia,
4% haematocrit) were treated with 5 uM ML324 or JIB-04 (Cayman Chemicals) for 24 h followed
by isolation of gametocytes using 0.1% (w/v) saponin. The isolation of RNA, cDNA synthesis and
labelling and hybridisation was performed in a manner identical to that described in section 2.2.8

and previously by others (280).

3.2.9 Data analysis

ChlIP-seq and microarrays data analyses were performed as in Chapter 2 sections 2.2.10.1 and
2.2.10.2, respectively and as described elsewhere (52, 92). All results are representative of data
averaged for two biological replicates unless otherwise stated. GO enrichment analyses were

performed with PlasmoDB using a P-value cut-off <0.05.

87

© University of Pretoria



3.3 Results

3.3.1 H3K36me2&3 occupancy is dynamic in P. falciparum gametocytes

To investigate the functional role of the H3K36me2&3 in P. falciparum early gametocytes, ChlP-
seq was performed on the same discrete gametocyte populations (pre-stage Il, stage Il and post-
stage Il gametocytes) that were used for the H3K27me2&3 ChlP-seq. As such, the gametocyte-
stage compositions of these populations were identical to those described previously for
H3K27me2&3 in Chapter 2 (see section 2.3.2 and Figure 2.4). Briefly, the stage Il samples
consisted mostly of stage Il gametocytes (74 £ 3.2%) while pre- and post-stage Il gametocytes

contained minor proportions of stage Il gametocytes (0.3 + 0.4% and 10 + 6%, respectively).

As H3K36me2&3 peak in abundance in stage |l gametocytes (133), the compositions of the
samples were considered adequately divergent to detect the variation in H3K36me2&3
occupancy using ChlP-seq. Thus, ChIP-seq was performed for each of the two independent
biological replicates for each population using commercially available ChIP-grade antibodies
against either H3K36me2 or H3K36me3. These selected antibodies have demonstrated
specificity towards histone variants from various organisms (233, 369-372). Conservation of
histone sequences and the use of these antibodies in P. falciparum parasites by others (200, 205)
indicated suitable specificity for H3K36me2&3. Nevertheless, an independent validation of the
selected antibodies was performed with the results demonstrating specific detection of P.

falciparum histone H3 with either H3K36me2 or H3K36me3 (Figure 3.1).
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Figure 3.1: Determination of antibody specificity towards P. falciparum H3K36me2&3. Validation of a-H3K36me2
and a-H3K36me3 antibodies to be used in ChIP-seq experiments. The ability of the antibodies to detect unmodified
or modified (di- or tri-methylated K9, K27 and K36) P. falciparum H3 peptides was determined using dot blot analysis.
Graph represents the relative optical density units obtained for each peptide.

ChlP-seq sequencing data were obtained for each of the two independent biological replicates
except for the pre-stage Il gametocytes that only had one due to insufficient DNA obtained for
the second replicate. Data for corresponding replicate samples were well correlated for example,
Pearson correlation coefficients of r’= 0.93 and r?= 0.94 between the two H3K36me?2 biological
replicates in stage Il and post-stage |l samples, respectively (Appendix: Table S10). H3K36me2
and H3K36me3 were detected individually in each of the sampled gametocyte populations with
a strong positive correlation (Pearson correlation coefficient, r’= 0.9) present for the two histone
PTMs in the stage Il gametocytes (Figure 3.2a). Histones would not have a single residue (H3K36)
di- and trimethylated concurrently (145). Therefore, it is likely that the gametocyte samples
consisted of a combination of histones, some modified with the intermediate histone PTM and
others with the final product or asymmetrically modified nucleosomes. Such robust correlations
between H3K36me2&3 were absent for the pre- and post-stage |l gametocytes with each of these
stages additionally weakly correlated with the stage Il samples (e.g. between stage Il and post-

stage |l gametocytes, r’= 0.22 for H3K36me2 and r?= 0.26 for H3K36me3) (Figure 3.2a).
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Figure 3.2: H3K36me2&3 patterns are dynamic during P. falciparum early and intermediate gametocyte
development. (a) Plot of Pearson correlation coefficients for the genome-wide occupancy of H3K36me2&3 (me2
and me3) obtained for pre-stage Il (pre-Il), stage Il (stg ll) and post-stage Il (post-1l) gametocyte populations. The
black box highlights the increased positive correlation between H3K36me2&3 in stage || gametocytes. H3K36me2&3
occupancy (average logz-transformed ChlP/input) over chromosome 12 for each gametocyte population. Data are
representative of two independent biological replicates except for the pre-ll gametocytes with a single replicate. (b)
H3K36me2&3 occupancy (average log.-transformed ChIP/input) over chromosome 12 for each gametocyte
population. Data are representative of two independent biological replicates except for the pre-ll gametocytes with
a single replicate. Turquoise and purple represent regions where the histone PTMs are present (log2ChlP/input ratios
>0) and dark grey represents regions of depletion (log2ChlP/input ratios <0). The light grey shadowed areas indicate
increased occupancy of H3K36me2&3 in the stage Il gametocytes, exemplified in a central region of the chromosome
12 (1250-1290 kb) with the positions of genes indicated below the occupancy tracks.

As highlighted in a central region of chromosome 12 (1250-1290 kb), both H3K36me2&3 were
detected at low levels in pre-stage Il gametocytes (Figure 3.2b). However, this contrasts sharply

with an abundance of both histone PTMs in the stage Il gametocytes in which occupancy is
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evident and found preferentially in intergenic regions and upstream of gene coding sequences.
In post-stage Il gametocytes, the levels of the histone PTMs dissipate, as evidenced by only
residual H3K36me2&3 occupancy (Figure 3.2b). These dynamic patterns of “low-high-low”
H3K36me2&3 abundance associated with pre-stage Il, stage Il and post-stage Il gametocyte
populations, respectively were independently validated through ChIP-qPCR (Figure 3.3) with the

same gametocyte samples that were used for ChlIP-seq.
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Figure 3.3: Validation of the stage Il gametocyte-specific increase in H3K36me2&3 levels. The levels of
H3K36me2&3 are expressed as a % of input (non-immunoprecipitated control) for each of the chromosome regions
indicated. With the exception of pre-stage Il gametocytes, all data are representative of two independent biological
replicates, £SD. Sequences of each primer pair used are detailed in chapter 2 (see section 2.3.3).

Consistent with the stage-specific dynamics reported previously for P. falciparum H3K36me2&3
(133), these results validate the experimental strategy used to detect changes in the histone PTM
landscape during gametocyte development. Given the unique abundance of H3K36me2&3 in the
stage Il gametocytes, subsequent analyses focussed on the preferential association of these

histone PTMs with the regions upstream of genes in this gametocyte stage.

3.3.2 Stage Il gametocytes have a unique pattern of H3K36me2&3 occupancy

To determine the genome-wide positioning of H3K36me2&3, the histone PTM occupancy

spanning each of P. falciparum genes for which sequencing data were obtained (Appendix: Table
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S11) was interrogated. The occupancy profiles of H3K36me2&3 are distinctly uniform across the
non-coding intergenic regions in stage |l gametocytes, contrasting with more variable patternsin
the pre- and post-stage Il gametocytes. In stage |l gametocytes, both H3K36me2&3 are
concentrated 1.5 kb upstream of TSSs (105). Occupancy values (log2ChlIP/input) across this
upstream region peak at 0.24 and 0.2 (average of 0.2 and 0.15) for H3K36me2&3, respectively,
contrasting with a depletion of the histone PTMs (average occupancy values of -0.095 and -0.089,
respectively) in CDRs (Figure 3.4a). In the pre- and post-stage Il gametocytes, both histone PTMs
are on average depleted upstream of TSSs (e.g. average H3K36me3 occupancy of -0.26 and -0.02
over this region in pre- and post-stage Il gametocytes, respectively), emphasising the prominent

abundance of H3K36me2&3 upstream of genes that is exclusive to the stage Il gametocytes.
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Figure 3.4: Stage Il gametocytes have unique patterns of H3K36me2&3 occupancy associated with genes. (a)
H3K36me2&3 occupancy (average log2 ChIP/input binned into 50 bp regions) spanning 1.7 kb upstream and 2.5 kb
downstream of transcriptional start sites (TSS) of 5206 P. falciparum genes (PlasmoDB genome annotation, v39) in
pre-stage I, stage Il and post-stage Il gametocyte populations. Data are representative of the average occupancy
obtained for two independent biological repeats, except for pre-stage Il gametocytes with only one. Genes were
rank ordered individually in each heatmap. Summary plots of the H3K36me2&3 (turquoise and purple, respectively)
occupancy in each of the gametocyte stages with ribbons representing + SE. The light grey shadowed region
highlights the stage Il gametocyte-specific increase in occupancy 750 bp upstream of TSSs. (b) Numbers of genes
occupied by H3K36me2&3 (i.e. logz2 ChIP/input >0) only upstream of TSSs (dark green), only in the coding region
(CDRs, light green) or both (intermediate green) for each gametocyte stage. (c) Clustered column plots specifying
the number of genes robustly occupied by H3K36me2&3 (ie. with log.ChIP/input above average, 20.2 and >0.15 for
H3K36me2&3, respectively).
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Next, the numbers of H3K36me2&3 occupied genes were quantified and stratified according to
location. In stage Il gametocytes, H3K36me2&3 were detected (log2ChlIP/input >0) upstream of
89% (4969) and 83% (4677) of the occupied genes, respectively (Figure 3.4b). Of these, 3942 and
3776 genes had H3K36me2&3 exclusively present upstream of TSSs while only a minor
proportion (85 and 75 genes) had H3K36me2&3 exclusively present in the CDRs, respectively.
This contrasts sharply with the distribution of the histone PTMs in pre- and post-stage Il
gametocytes, where CDR occupancy is evident. In post-stage Il gametocytes, both H3K36me2&3
were distributed relatively equally upstream of TSSs and within the CDRs of genes. Unexpectedly,
low level H3K36me2 occupancy (average log,ChIP/input = 0.07) was pervasive (4292 genes) in
the CDRs of pre-stage Il gametocytes (Figure 3.4b). Since the pre-stage Il gametocyte samples
used for ChIP-seq still contained a relatively large subpopulation of asexual parasites, this
occupancy likely results from the detection of H3K36me2 in these stages where CDR occupancy
has previously been linked with transcriptional repression (206, 258). The wide-spread patterns
of intergenic H3K36me2&3 occupancy that are predominantly exclusive to the stage Il
gametocytes each translate to a number of genes that are robustly occupied (i.e. above average
log2ChlIP/input value in stage Il gametocytes by these histone PTMs. H3K36me2 robustly
occupies the regions upstream of TSSs of 2480 genes while H3K36me3 is present upstream of

2691 genes in stage Il gametocytes (Figure 3.4c).

3.3.3 H3K36me2&3 are associated with post-commitment transcriptional regulation

To explore the functional roles of H3K36me2&3 in stage Il gametocytes, the level of occupancy
of each histone PTM was compared with gene expression levels from the same gene expression
time course data set (94) used in Chapter 2 (see section 2.3). Corresponding expression profiles
were obtained for days 2-6 of gametocyte development (days on which stage Il gametocytes
were present) for 96% and 95% (2594 and 2545 genes) of the genes robustly occupied with
H3K36me2&3, respectively. A global analysis of the presence of H3K36me2&3 upstream of genes
and the transcript levels in stage Il gametocytes (average log,Cy5/Cy3 on days 4 and 5 of
development associated with the greatest proportion of stage Il gametocytes) indicated that the

degree of occupancy of the histone PTMs is anti-correlated with the expression (Pearson
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correlations, r’=-0.12 and r?= -0.1 for H3K36me2&a3, respectively, Figure 3.5). The contrasting
depletion of H3K36me2&3 upstream of TSSs in the other stages, particularly in pre-stage Il
gametocytes suggests that in the stage Il gametocytes, these histone PTMs are involved in the
active repression of genes that are not required for gametocyte development. Consistent with
this finding, 63% of these H3K36me2&3-enriched and repressed genes have been shown to be
indispensable for asexual proliferation previously (373). The genes occupied by H3K36me2&3 in
the stage Il gametocytes clustered into three groups based on expression profiles over days 2-6
of gametocyte development (Figure 3.5a) with ~98% (2548 genes) of the genes showing reduced
transcript abundance. A similar pattern was present for H3K36me3 with ~98% (2545 genes) of

the genes occupied by this histone PTM repressed in the stage |l gametocytes (Figure 3.5b).

The H3K36me2&3-occupied and repressed gene sets are significantly (P-value <0.05) associated
with shared and unique biological processes (Figure 3.5 and Appendix: Table S12), reflecting the
large proportion of genes in the stage Il gametocytes that were associated with robust levels of
both H3K36me2&3 (2012 genes, i.e. 80%) and 20% of each set independently associated with
these histone PTMs (695 and 680 genes for H3K36me2&3, respectively). This overlap supports
one of the H3K36 methylation states as a transient intermediate in the generation of the other

(205).

The biological processes associated with genes robustly occupied with H3K36me2&3 include
those that are well established to be essential in the proliferative parasite stages such as antigenic
variation and DNA replication (93, 94) and include genes coding for Maurer’s cleft proteins (e.g.
rex1 and rex4), members belonging to the major multi-gene families rhs, ebas, vars, rifs and msps
and the kahsp40 and kahrp components of the cytoadherence complex (Figure 3.5). Similar to
the role previously ascribed to H3K36me3 as a repressor of multi-gene families when associated
with regions upstream of genes in asexual parasites (205, 258), the majority of the erythrocyte
membrane proteins (empls, 75%), stevors (94%) and rifins (70%) are robustly occupied with
H3K36me3 in stage Il gametocytes, suggesting the control of variant gene expression by
H3K36me3 is not limited to asexual parasites but is conserved across multiple life cycle stages.
Additionally, most of these genes were also occupied by H3K36me2 as an intermediate as in the

asexual stages (205).
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Figure 3.5: H3K36me2&3 are involved in the repression of genes encoding protein products that drive proliferation
and sexual commitment. (a) Expression values (log2Cy5/Cy3) averaged for day 4 and 5 of gametocyte development
plotted against H3K36me2 (blue) occupancy in stage |l gametocytes for all P. falciparum genes. Genes are stratified
by colour based on occupancy scores (log2ChlP/input): depleted <0 = grey, occupied >0 = blue, robustly occupied
>0.2 = turquoise. Data are representative of two independent biological replicates. (b) Expression values
(log2Cy5/Cy3) averaged for day 4 and 5 of gametocyte development plotted against H3K36me3 occupancy in stage
Il gametocytes, genes are stratified by colour based on occupancy scores (log.ChIP/input): depleted <0 = grey,
occupied >0 = lavender, robustly occupied >0.15 = dark purple. For both (a) and (b) linear regression is represented
by dashed lines with 95% confidence interval indicated by ribbons; r? values represent Pearson correlation
coefficients. Robustly occupied genes were divided into clusters based on patterns of expression on days 2-6 of
gametocyte (GC) development. Average expression profiles for each cluster are shown for days 2-7 of development
(ribbons represent + SD). Each cluster is significantly (P-value <0.05) associated with biological processes. The
number of robustly occupied genes (value on each bar) is represented as a % of all the background genes associated
with each term. Biosynth = biosynthesis; t/| = translocation; t/p = transport; PC = phosphatidylcholine; comp. =
complex.
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Interestingly, within the process of chromatin remodelling, all four P. falciparum histone
acetyltransferase (HAT) -encoding genes (151, 203) that generate transcriptionally active
chromatin structures (184, 362) were occupied by a robust level of H3K36me2&3 and repressed
in the stage Il gametocytes. Various process that are documented to be functionally important
during sexual commitment and early gametocyte differentiation, including protein translocation
and phospholipid metabolism (52, 76, 84, 90, 135, 317, 374) are significantly associated with the
robustly occupied H3K36me2&3 gene sets (Figure 3.5). Interestingly, the only processes where
H3K36me2&3 occupancy was not associated with a definitive reduction in transcript abundance
were actin filament capping, acetyl-CoA biosynthesis and intracellular signalling. Overall, these
results indicate that H3K36me2&3 are associated with an active repression of genes that encode
protein products involved in proliferation and sexual commitment when they become obsolete

in the developing gametocyte.

This is further supported by an increasing anti-correlation (r?= -0.026 and -0.02 on day 2 and r?=
-0.13 and -0.14 on day 6 for H3K36me2&3, respectively) between H3K36me2&3 abundance and
transcript levels for robustly occupied genes in stage Il gametocytes (Figure 3.6). Additionally,
for genes depleted of H3K36me2&3, this relationship was weakened or reversed (corresponding

r?=0.03 and 0.02 on day 2 and r?=-0.03 and -0.01 on day 6).
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Figure 3.6: H3K36me2&3 occupancy levels are anti-correlated with transcript abundance in stage Il gametocytes.
Average occupancy (log2 ChIP/input) levels in pre-stage Il, stage |l and post-stage Il gametocytes for the sets of genes
occupied by H3K36me2&3 in stage |l gametocytes. Depletion refers to the absence of H3K36me2&3 (average
occupancy <0) while the cut-off values for robust occupancy (log. ChIP/input 20.2 and 20.15 for H3K36me2&3,
respectively) are indicated by the dashed lines. Pearson correlation between gene expression (log2Cy5/Cy3) on days
-1 to 10 of gametocyte (GC) development and level of occupancy of histone PTMs in stage Il gametocytes for
occupied (+) genes and those depleted of H3K36me2&3 (-). Dashed box indicates the days on which stage Il
gametocytes were present in cultures and where H3K36me2&3 occupancy is associated with a reduced transcript
abundance.

3.3.4 Commitment- and asexual-related gene sets are enriched with H3K36me2&3

To validate the quantitative observations of H3K36me2&3 occupancy, peak enrichment analysis
was performed to identify regions of the genome with significant levels (i.e. significant MACS2
peaks, g-value <0.05, present in both biological replicates) of the histone PTMs. By virtue of their
broad nature, distinct regions of enrichment of certain histone PTMs, including methylated
H3K36, may consistently be eliminated by regular peak calling algorithms since these were
originally developed to identify narrow transcription factor binding domains (292, 293, 370, 375).
Therefore, for this analysis parameters within the peak calling algorithm were set to identify
broad peaks. This method is exceedingly more stringent compared to that used to determine
robust occupancy (Figure 3.7a) with only 17% of robustly occupied genes identified as
significantly enriched with H3K36me2&3 in the stage Il gametocytes. For H3K36me2, 734 peaks
were identified, corresponding to 327 genes with enrichment 1.5 kb upstream of TSSs and 233
genes with this histone PTM enriched in CDRs (Figure 3.7b and Appendix: Table S13). Similarly,

significant H3K36me3 enrichment was identified at 569 sites across the genome in stage Il

98

© University of Pretoria



gametocytes, equating to the enrichment upstream and in the CDRs of 252 and 154 genes,
respectively. With <100 genes similarly enriched at each of these sites in post-stage Il (Figure
3.7b) and none in pre-stage Il gametocytes, these peak calling results confirm the stage Il
gametocyte-specific abundance of H3K36me2&3 (133) and indicate that these histone PTMs
occur in a pattern that is unique to and characteristic of this stage of gametocyte development.
Furthermore, the concentration of the histone PTMs upstream of TSSs, where they would be
ideally situated to influence expression by virtue of their proximity to promoters (143), suggests
functional roles for the significant enrichment of H3K36me2&3 that is exclusive to stage Il

gametocytes.
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Figure 3.7: Stage |l gametocytes have unique patterns of H3K36me2&3 occupancy and enrichment associated with
genes. (a) Log-transformed ChIP/input ratio tracks for H3K36me2&3 in stage Il and post-stage Il gametocytes for a
region on chromosome 8 to exemplify significant enrichment (MACS2 peaks with g-value £0.05 and present in both
biological replicates) in stage Il gametocytes. Called peaks are indicated by the horizontal black bars. Grey dashed
lines indicate cut-off values used for the qualitative analysis of robust H3K36me2&3 occupancy. (b) Numbers of
genes with H3K36me2&3 enrichment in stage Il and post-stage Il gametocytes. No peaks were detected for pre-
stage Il gametocytes. The proportion of genes with enrichment 1.5 kb upstream of TSSs is represented by the darker
shade compared to the proportion of genes with enrichment in the coding regions (CDRs). (c) Common and unique
H3K36me2&3 peaks determined using Multiple Intersect (BEDtools) of MACS2 peak files in stage Il and post-stage Il
gametocytes.

Given the strong correlation between the presence of these histone PTMs in stage |l
gametocytes, the large number (96%) of overlapping H3K36me2&3 (Figure 3.7c) and the

presence of H3K36me2 as a transient intermediate in the formation of H3K36me3 reported
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elsewhere (205, 376-378), downstream analyses were performed using a combined set of

enriched genes without distinguishing between the di- and tri-methylated state.

Next, H3K36me2&3-enriched genes were categorised based on the location of the histone PTMs
(i.e. exclusively upstream of TSSs, exclusively in CDR or both) and the transcription profiles of
each were compared using the same gene expression time-course data set (34) used in the
qualitative analysis of H3K36me2&3 occupancy. Once again, corresponding expression profiles
were obtained for days 2-6 of development for the majority (94%) of the H3K36me2&3 robustly
occupied genes. Congruent with the location-dependant functions described for H3K36me2&3
in other organisms (167, 205, 369, 379-382), the expression profiles of the genes vary based on
the site of H3K36me2&3 enrichment. Genes with H3K36me2&3 exclusively present in CDRs (37%
of H3K36me2&3-enriched genes) exhibit a slight increase in transcript abundance on day 4
(Figure 3.8a). However, these levels of transcription are not as prominent as in asexual parasites
(94, 205), suggesting the activation of these genes may be less relevant for gametocyte

differentiation.

The majority of H3K36me2&3-enriched genes (63%) are strongly repressed during stage |l
gametocytes, with the histone PTMs present exclusively upstream of the TSSs in 342 of the 417
repressed genes (Figure 3.8a). Of these repressed genes, 42% are typically involved in asexual
proliferative processes including translation (P = 3.35e), haemoglobin metabolism (P = 0.003),
cell cycle arrest (P =0.033) and DNA replication (P =0.041) (Figure 3.8b and Appendix: Table S14).
Moreover, more than half of these are essential for asexual parasite development. Only 6% of
the genes that are regulated by H3K36me2&3 in asexual parasites (205, 258) are significantly
enriched with these histone PTMs in stage Il gametocytes. This indicates that the H3K36me2&3
enrichment identified here is predominantly targeted towards a distinct subset of asexual
parasite-related genes that are specifically repressed in the stage Il gametocytes. Furthermore,
this suggests that H3K36me2&3-associated repression of genes is involved in key transcriptional
shifts that accompany the transition from early gametocyte differentiation to intermediate

development (94).
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Figure 3.8: H3K36me2&3 are associated with transcriptional regulation in stage Il gametocytes. (a) Average
transcript abundance (log2Cy5/Cy3) on days 0-7 of gametocyte (GC) development (94) for genes with H3K36me2&3
enrichment in coding regions (CDR, blue), 1.5 kb upstream of TSSs (upstream, red) or both (gold) with ribbons
representing £ S.D. They grey shadowed region highlights days on which H3K36me2&3-associated transcriptional
changes are most prominent. (b) The 420 H3K36me2&3-enriched and repressed genes were grouped into those
associated with proliferation (178 genes, green) that are significantly associated (P-value <0 .05) with the biological
processes indicated. The number of enriched genes is represented as a % of all background genes associated with
the biological processes. The other 242 (58%) of the H3K36me2&3-enriched and repressed genes are directly
involved or have increased transcript abundance during commitment and/or early differentiation (comm. & ED,
maroon). This set is significantly associated with the biological processes indicated and includes the important
regulators highlighted in the gene expression heatmap. Legend: ar. = arrest; nucl. = nucleosome; assemb. = assembly;
replic. = replication; mod. = modification; var. = variation. c. H3K36me2&3-enriched and repressed genes that are
associated with commitment and early differentiation were compared to gene sets that become depleted of HP1 (-
HP1, orange) (135), are targets of AP2-G (gold) (52) or both (grey) during these steps.

In addition to the above, a comparison of H3K36me2&3-enriched genes in stage Il gametocytes
with genes previously described to be related to the processes of sexual commitment and early
gametocyte differentiation (52, 76, 84, 90, 94, 135, 227, 317, 374). A large proportion (58%, 242

genes) of the H3K36me2&3-enriched and repressed genes are linked to these processes (Figure
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3.8b). These include genes significantly associated with antigenic variation (P = 6.18e?) and host
cell modification processes (P = 5.39e%). H3K36me2&3 enrichment is present for the var, rifin,
stevor, phist and hyp multi-gene families. Interestingly, in contrast to the vars in asexual parasites
(365), H3K36me2&3 are associated with stronger repression of the stevors in stage Il
gametocytes. This indicates that the control of multi-gene families is nuanced to meet stage-
specific requirements. Additionally, H3K36me2&3-associated repression is present for early
gametocyte markers (e.g. geco, PF3D7_1253000; pfgl4-744, PF3D7_1477300 and pfg14-748,
PF3D7_1477700) (58, 76, 317, 383) and key regulators of commitment and gametocytogenesis:
hp1 (PF3D7_1220900), histone deacetylase 2 (hda2, PF3D7_1008000), gametocyte development
protein 1 (gdv1, PF3D7_0935400) as well as the AP2 transcription factor, ap2-g (Figure 3.8b) (86,
89, 90, 134, 374).

Following the cue for commitment, HP1 is displaced from 15 heterochromatic loci that would
otherwise remain silenced by this interaction throughout asexual proliferation (135). This results
in the expression of ap2-g, leading to the transcriptional cascade that drives sexual commitment
(77, 86, 89, 134). Therefore, the proportion of the H3K36me2&3-enriched and repressed genes
were (242 genes involved in commitment) compared to the targets of AP2-G (52) or those that
become active following the displacement of HP1 (135). Only 18% of the H3K36me2&3-enriched
genes are activated by AP2-G or HP1 depletion during commitment while the mechanisms of
activation for the majority (82%) of these genes are unclear (Figure 3.8c). This implies that in the
stage Il gametocytes, H3K36me2&3-associated transcriptional repression occurs for
commitment-related genes irrespective of mechanisms by which they were activated in the

preceding commitment steps.

Notably, H3K36me2&3 robustly occupy the regions upstream of all 15 HP1 depleted genes that
are specifically expressed and drive commitment, with 53% of these enriched for the histone
PTMs in stage |l gametocytes. As all of these genes remain depleted of HP1 (135) yet are
associated with a sharp reduction in transcript abundance in the stage Il gametocytes (94), their
repression can be attributed to an association with H3K36me2&3. Ultimately, these results

indicate that in the stage Il gametocytes, H3K36me2&3 are involved in the active transcriptional
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repression of genes that drive commitment and early differentiation once their products become

obsolete in post-commitment, developing gametocytes.

3.3.5 H3K36me2&3-associated repression is largely independent of other mechanisms

Next, the H3K36me2&3 enrichment in stage Il gametocytes was compared to data from previous
studies describing other gene regulatory mechanisms that function during gametocytogenesis
(92, 135). For instance, HP1-mediated heterochromatin has been shown to expand throughout
gametocyte development, resulting in the silencing of stage-specific gene sets (135).
Interestingly, only 9% of the H3K36me2&3-enriched and repressed genes are also occupied by
HP1 in the stage II/lll gametocytes (Figure 3.9). This small proportion of genes, including those
associated with knob-formation (e.g. kahsp40 and emp3) and protein export (e.g. hyp), may
therefore be regulated cooperatively by the two mechanisms. However, the repression of the
majority (91%) of the H3K36me2&3-enriched gene set in stage Il gametocytes is exclusively

associated with these histone PTMs.
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Figure 3.9: H3K36me2&3-associated transcriptional repression is largely independent of other regulatory
mechanisms. The H3K36me2&3-enriched and repressed genes in stage Il gametocytes were compared to genes that
are regulated by HP1-mediated heterochromatin formation (+HP1, gold) (135) or by AP2-G2 (blue) (92) in the stage
II/11l gametocytes. Certain genes from each of these categories are exemplified in the gene expression heatmaps.
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Recently, a second AP2 transcription factor, AP2-G2 was shown to be essential for gametocyte
development beyond stage Ill and in asexual parasites, AP2-G2 represses a subset of genes by
associating with H3K36me3 (92). Thus, the overlap between the AP2-G2 occupied genes and
H3K36me2&3-enriched and repressed gene set in stage |l gametocytes was evaluated (92).
Interestingly, only 33% of the H3K36me2&3-enriched genes in stage Il gametocytes are also
bound by AP2-G2 during intermediate gametocyte development (Figure 3.9), indicating that the
transcriptional repression associated with the H3K36me3-AP2-G2 interaction also occurs in the
early gametocytes. Of note, genes include those encoding GDV1 that evicts HP1 from
heterochromatic loci prior to commitment (90) and CCT (CTP:phosphocholine
cytidylyltransferase, PF3D7_1316600), involved in the synthesis of PC from an alternative
substrate under the lysoPC depleted conditions that cue commitment (84, 384). This indicates
that an interaction between H3K36me2&3 and AP2-G2 may repress these important

commitment-related genes once gametocytogenesis has been established.

The remaining 251 (60%) H3K36me2&3-enriched genes in stage Il gametocytes have not been
associated with any other regulatory mechanisms to date (Figure 3.9). As such, this set that
includes the lysoPC synthesis-associated genes acs2 (PF3D7_0301000), acs4 (PF3D7_1372400),
acs7 (PF3D7_1200700) and cept (PF3D7_0628300) (84, 374, 385-387) and the epigenetic and
transcriptional regulators hda2, setl, PF3D7_0629700 and alba4 (PF3D7_1347500) (Figure 3.9)
are likely regulated by a novel repressive mechanism involving the stage Il gametocyte-specific

enrichment of H3K36me2&3.

Furthermore, ap2-g, hpl, the lysine-specific demethylase, and jmjc1 (PF3D7_0809900) are
enriched for H3K36me2&3 upstream of TSSs in the stage Il, but not in pre- and post-stage Il
gametocytes (Figure 3.10). This provides the first insights into the mechanism by which these
genes are “switched off” after commitment to allow gametocyte development to proceed.
Although the reason for the differentiation in CDR occupancy for hp1 and ap2-g is unclear, H3K36
methylation within CDRs is indicative of recently transcribed genes (206, 388) and this may
therefore reflect residual histone PTMs that were deposited during the transcription of ap2-g in

the preceding stages.
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Figure 3.10: H3K36me2&3-associated transcriptional repression occurs for key regulators of sexual commitment
and gametocytogenesis in stage Il gametocytes. Logz-transformed ChIP/input tracks of H3K36me2 (turquoise) and
H3K36me3 (purple) occupancy for jmjcl, hpl and ap2-g in pre-stage Il, stage Il and post-stage || gametocytes with
the CDRs of each represented by the green, maroon and orange horizontal blocks, respectively. Dashed grey boxes
represent regions of differential occupancy between the three stages and horizontal black bars indicate called peaks
of enrichment in stage Il gametocytes.

In accordance with this, H3K36me2&3 are present in the CDRs of both ap2-g and hp1 in the pre-
stage Il gametocytes (Figure 3.10), stages in which these genes would presumably have been
transcribed. Furthermore, the H3K36me2&3 enrichment and repression of jmjc1 is of interest
given its homology with the mammalian H3K36-specific, lysine demethylase 2 (kdm2) family
(200). As such, the repression of jmjc1 may be present as means of safeguarding the integrity of
H3K36me2&3 enrichment in the stage Il gametocytes. Taken together, these results implicate
H3K36me2&3 as a novel mechanism of transcriptional repression in stage Il gametocytes that is

largely independent of other mechanisms described to date.

3.3.6 Inhibition of H3K36 demethylation confirms the importance of histone PTMs for

gene regulation in P. falciparum gametocytes

Finally, the potential enzymes that generate the unique stage Il gametocyte-specific enrichment

of H3K36me2&3 described here and previously (133) were investigated. In asexual parasites,
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SET2 (PF3D7_1322100) is responsible for the methylation of H3K36 (200, 206). The transcript
levels of set2 increase on day 1 of gametocytogenesis and subsequently decline thereafter
(Figure 3.11), suggesting that the H3K36-specific HMT activity of SET2 is extended to early
gametocyte stages. Viable parasite lines have been obtained following the genetic disruption of
set2, indicating that this HMT is not essential for asexual proliferation (205, 206). However, it
was not possible to leverage these existing systems to evaluate the importance of set2 during
gametocytogenesis since the parental strains used to generate these mutant parasite lines do
not produce gametocytes. Regarding the demethylation of H3K36, the transcript levels (94) of
the three Jumonji-C HDMs in P. falciparum, jmjcl, jmjc2 (PF3D7_0602800) and jmj3
(PF3D7_1122200), spanning stage Il gametocyte development (Figure 3.11) strongly suggests

that at least one of these enzymes is likely involved in the removal of methyl PTMs from H3K36.
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Figure 3.11: Expression of histone methyltransferases and demethylases in P. falciparum gametocytes. Expression
profiles (log2Cy5/Cy3) of genes encoding the P. falciparum Jumonji-C domain-containing HDMs (jmjc1, jmjc2 and
jmj3) and the H3K36-specific methyltransferase, set2 on days 0 to 7 of gametocyte (GC) development (94) with grey
shadowed region representing days of increased transcript abundance of the HDMs and the presence of stage Il
gametocytes.

In order to investigate the functional relevance of these enzymes for H3K36me2&3, a chemical
interrogation of HDM activity was performed in early gametocytes. From a library of 96 epidrugs,

five histone demethylase inhibitors (HDMi) were screened against pre-stage Il and stage Il
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gametocytes. As these assays were performed in parallel with the HMTi epidrug screens in
Chapter 2 (see section 2.3.8), the same gametocytes cultures with identical stage compositions
were used. Briefly, the pre-stage Il gametocyte samples contained mostly asexual parasites
(91%) and stage | (8 + 3%) with a minor proportion of stage |l gametocytes (1 £ 1%). The stage Il
cultures were enriched with stage Il gametocytes (77 + 11%) with few asexual parasites (10
12%), stage | (5 £ 3%) and stage Il (8 + 4%) gametocytes present. With the exception of the LSD1
inhibitor, 2-PCPA which was equally active (94%) against the pre-stage Il and stage Il
gametocytes, all the HDMi were more potent towards the stage Il gametocytes (Table 3.1). In
the stage Il gametocytes, JIB-04 (pan-selective JMID inhibitor) and ML324 (mammalian JMJD2
inhibitor) were the more potent, inhibiting 88% and 85% of gametocytes, respectively, compared
to GSK-J4 (mammalian UTX and JMJD3 inhibitor) and methylstat (inhibitor of JMJD2 and JMJD3)
exhibiting 68% and 41% gametocyte inhibition, respectively (Table 3.1). These findings
correspond with previous data showing that both JIB-04 and ML324 are highly active against
gametocytes (212, 357, 389).

Table 3.1: Selected inhibitors of mammalian histone demethylases screened against P.
falciparum early gametocytes. Pre-stage Il (91% asexual parasites, 8 £ 3% stage l and 1 £+ 1%
stage |l gametocytes) and stage Il (77 + 11% stage |l gametocytes, 10 + 12% asexual parasites, 5
+ 3% stage | and 8 + 4% stage |ll gametocytes) gametocytes were subject to treatment with HDM

inhibitors (5 uM) for 24 hours with the % of gametocyte inhibition determined thereafter. The
mammalian targets and possible or confirmed targets (underlined) in P. falciparum are provided.

Possible target in Gametocyte inhibition (%)

Inhibitor Mammalian target ,
P. falciparum Pre-stage Il Stage ll
JIB-04 pan-JMJC JMJ3
ML324 JMID2 JMJ3
GSK-J4 JMJD3 and UTX JMJC1, JMIC2 41
Methylstat JMID2, JMID3 JMIC1/IMIC2 * 41

Next, the four most active epidrugs were further investigated to determine their effect on the
levels of H3K36me2&3 in stage Il gametocytes under the same treatment conditions (5 uM, 24

h) used in the primary drug screen. Only JIB-04 and ML324 were associated with the
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hypermethylation of H3K36 relative to the untreated controls (~13-fold) (Figure 3.12). Such
effects on methylation were not present for 2-PCPA or GSK-J4 as evidenced the depletion of
H3K36me2&3 (15-93 times lower abundance compared to JIB-04 or ML324). The normal H3K36
methylation patterns in treated stage Il gametocytes suggest that the pan-stage potency of 2-
PCPA arises from the inhibition of LSD1 (demethylase of H3K4, H3K9 and non-histone targets) as
in other eukaryotes (390, 391). Previous studies of JIB-04 and ML324 in asexual parasites directly
attributed the activity of these epidrugs to the inhibition of the primary catalytic step (conversion
of 2-oxoglutarate to succinate) of PIMJ3 HMT activity (212). By contrast, GSK-J4 has no effect
on the activity of IMJ3 (212), in line with the lower activity of this inhibitor compared to ML324

and JIB- 04 in the stage Il gametocytes.
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Figure 3.12: The effect of histone methyltransferase and demethylase inhibition on H3K36me2&3 levels in P.
falciparum gametocytes. Detection of changes in H3K36me2&3 abundance (methylation levels) using dot blot
analysis of stage Il gametocytes treated with the Jumonji-C HDM inhibitors JIB-04 (dark green), ML324 (light green)
or GSK-J4 (purple) or the lysine-specific demethylase 1 (LSD1) inhibitor 2-PCPA (dark blue) for 24 h (5 uM) compared
with parallel untreated (UT) control gametocyte populations. Results of densitometry analysis are provided as fold
changes (signal/background) of the relative density units (RDU). The chemical structures of the four epidrugs are
shown.

These results confirm that at least one of the P. falciparum Jumonji-C HDMs demethylate
H3K36me2&3 following the peak in abundance in stage Il gametocytes and in particular, support

the proposed involvement of JMJ3.

108

© University of Pretoria



Interestingly, the hypermethylation induced by these HDMi epidrugs is similar to that observed
for H3K4me3 and H3K9me3 by JIB-04 in asexual parasites (212). In the asexual parasites, the
direct inhibition of PfIMJ3 by JIB-04 results in transcriptional de-regulation (212) and since this
inhibitor is significantly more potent towards the sexual stages (212, 357), transcriptional effects
of JIB-04 in gametocytes were of particular interest. As such, genome-wide transcriptional
profiling of JIB-04 activity was performed on stage Il gametocytes following 24 h of treatment (5
uM) (Appendix: Table S15). Similar to the restricted transcriptional effect of JIB-04 in asexual
parasites (212), treatment with JIB-04 resulted in the differential expression (log,FC > 0.5 in either
direction) of ~13% of the genome (710 and 696 genes with decreased and increased transcript

abundance, respectively) in stage Il gametocytes (Figure 3.13a).

Genes with reduced transcript abundance are involved in chromatin organisation (3%), gene
expression (12%), lipid metabolism (1%) and transport (6%). Each of these processes have
confirmed roles in gametocyte differentiation and development (58, 59, 90, 94, 119, 135, 211,
317, 374) and thus transcriptional disruption of these genes likely contributes to JIB-04’s potency
in gametocytes. Interestingly, the transcript levels of jmjc2 and the HAT-encoding genes, gcn5
(PF3D7_0823300) and myst (PF3D7_1118600) (151, 203) also increase, which may reflect an
attempt by the gametocytes to counteract the abnormal histone methylation patterns induced
by JIB-04. Combined with the abundance of H3K36me2&3 compared to other histone PTMs in
the stage Il gametocytes, these results indicate abnormal H3K36me2&3 levels may pose a barrier
to further development. In line with this, the shift from early (stage I) to intermediate (stage
[11/IV) gametocyte development is a key transition period (94) with a regulatory role for histone

PTMs at this point previously alluded to (133).
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Figure 3.13: Chemical inhibition of histone demethylase activity by JIB-04 leads to the disruption of normal gene
expression in gametocytes (a) Functional classification of differentially expressed genes (log> fold change 20.5 in
either direction) with decreased or increased transcript abundance in response to the inhibition of histone
demethylase activity by JIB-04. The % of differentially expressed genes assigned to each biological category is shown.
Transcript levels in the untreated and JIB-04 treated gametocytes are exemplified for certain differentially expressed
genes and categories that were enriched for H3K36me2&3 in stage |l gametocytes. (b) Comparison of DE genes in
stage Il gametocytes treated with JIB-04 in this study with those for in JIB-04-treated asexual parasites (shown in
grey) (212), early gametocytes (E. GC) treated with the G9a-specific inhibitor BIX-01294 (392) (green) and early
gametocytes treated with the HDAC inhibitor TSA (393) (gold).

Certainly, the use of this general Jumonji-C HDMi highlights the importance of normal histone
methylation patterns for transcriptional reprogramming during gametocyte differentiation and
development. However, given the pan-selectivity of JIB-04, it is not expected that the inhibition

of H3K36 demethylation is solely responsible for the observed transcriptional disruption and
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enhanced potency of the inhibitor in gametocytes. A comparison of JIB-O4-associated
transcriptional disruption in asexual parasites (212) vs. gametocytes reveals a common
interference in certain biological processes, including chromatin organisation, cell motility and
kinase/phosphatase activity (Figure 3.13b). Although gametocytes treated with JIB-04 do not
share common DE genes with those treated with BIX-01294, an inhibitor of the G9a-specific HMT
(392), some overlap is present with HDAC inhibition by TSA (393). These results are congruent
with findings for cancer cell lines that show similar gene expression signatures are associated

with JIB-04 and TSA treatment (394).

In order to interrogate the downstream transcriptional effects associated with the aberrant
histone methylation induced by ML324 in stage Il gametocytes, a similar transcriptome analysis
was performed. Interestingly, in addition to H3K36, ML324-treated stage |l gametocytes also
exhibit hypermethylation of H3K9 (Figure 3.14a) with this also occurring for H3K9 in asexual
parasites treated with this HDMi (212). The disruption of H3K9me3 patterns has been reported
as an important factor contributing to potency of this compound in gametocytes (357). ML324
treatment of stage Il gametocytes resulted in the differential expression of 1507 genes, equating

to ~27% of the genome.

Of the 745 DE genes with decreased transcript abundance in response to ML324 treatment, 4%,
10% and 12% are associated with erythrocyte remodelling, invasion and gene expression,
respectively (Figure 3.14b). Genes belonging to the category “other” are significantly associated
with lipid homeostasis (P = 0.014), acetyl-CoA biosynthesis (P = 0.009) and cytoskeleton
organisation (P = 0.005) (Appendix: Table S16).
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Figure 3.14: Chemical inhibition of histone demethylases with ML324 highlights the importance of histone modifications for
transcriptional regulation in gametocytes (a) Comparison of the relative abundances (expressed as fold change of relative density
units; RDU) of the unmodified H3 core histone, H3K9me3 and H3K9ac in gametocytes treated with ML324 (5 pM) for 24 h. Data
are representative of three independent biological replicates (n = 3) performed in technical triplicates with mean = S.E. (b)
Transcriptome analysis of stage Il gametocytes treated with ML324 (5 uM) for 24 h. Genes with differential decreased or
increased transcript abundance (log.fold change >0.5) were functionally classified with the number expressed as a proportion of
all differentially expressed genes. Genes in the category, “Other” were subjected to GO enrichment (Appendix: Table S16)
analysis with certain of the significantly (P <0.05) associated processes shown. For each, the number of genes is expressed as a %
of all P. falciparum genes involved in the process.

These processes are regulated during early gametocyte development to enhance gametocyte-
specific metabolic and development programs (84, 310-312). By contrast, the genes with
increased transcript abundance are significantly associated with cell proliferation (P = 0.01) and

DNA replication (P = 0.006) which may reflect an attempt by the early gametocyte to escape
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sexual differentiation in favour of returning to asexual proliferation. Taken together, these
results highlight the importance of the epigenetic landscape and more specifically, histone PTMs

during sexual development in P. falciparum parasites.
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3.4 Discussion

Understanding the gene regulatory mechanisms that drive differentiation and developmentin P.
falciparum gametocytes is essential for the discovery and advancement of novel malaria
transmission-blocking strategies (346). Here, the dynamic yet stage-specific nature of
H3K36me2&3 (133) is confirmed and the association of these histone PTMs with the
transcriptional reprogramming occurring post-commitment in the sexual stage of P. falciparum
blood-stage development (94) is delineated. The chemical interrogation of P. falciparum HDMs
supports these conclusions, highlights the importance of the dynamics of histone methylation for
transcriptional control and links aberrant H3K36me2&3 patterns, at least in part, with the

increased potency of Jumonji-C HDM inhibitors towards gametocytes reported before (212, 389).

The experimental strategy entailed the prior validation of antibody specificities for di- and tri-
methylated P. falciparum H3K36. Although sequence conservation of P. falciparum H3 and the
use of the selected antibodies previously indicated suitable specificity (205, 233, 369-372),
additional validation was performed ensure that the ChIP-seq data would accurately reflect the
status of H3K36me2&3 in P. falciparum gametocytes. While the focus of this paper is
H3K36me2&3 enrichment in the stage Il gametocytes, it is important to highlight that despite
comparatively lower levels of enrichment, both H3K36me2&3 were detected in the post-stage |l
gametocyte samples and as such the possibility of these histone PTMs being functionally relevant

in other gametocyte stages cannot be excluded.

The approach allowed for the delineation of the genomic regions that are dynamically occupied
by H3K36me2&3 during early and intermediate gametocytogenesis. The data generated here
shows that the stage Il gametocyte-specific abundance (133) of H3K36me2&3 manifests as a
wide-spread, yet largely intergenic enrichment that is involved transcriptional repression and is
congruent with the characteristic patterns of these histone PTMs when functioning repressively
in other organisms, particularly during cellular differentiation (379, 395-402). In other
eukaryotes, enrichment of CDRs with H3K36me2&3 is indicative of transcriptionally permissive
genes (205, 380, 403), similar to our observations for CDR enrichment in P. falciparum

gametocytes. The distribution of H3K36me2&3 enrichment and the associated transcriptional
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effects in the stage Il gametocytes aligns with findings from other studies which show that in
asexual parasites, the deposition of H3K36me2&3 is present in the CDRs of the active var gene
while enrichment of the histone PTM upstream of the TSSs of silenced var genes is directly
involved in their repression (205, 206). These similar patterns of H3K36me2&3-associated
transcriptional repression in stage Il gametocytes and the increased transcript levels of set2
during early development (94), suggests this HMT is a likely candidate enzyme of H3K36
methylation in gametocytes. Nevertheless, these findings do not exclude the possibility of
additional HMTs since low levels of H3K36me2&3 have been observed in set2 deficient parasite
lines (205). In addition to the likelihood of at least one shared H3K36 HMT, the similarities in the
mode-of-action of JIB-04 in gametocytes and that described elsewhere for asexual parasites
(212), suggests a common enzyme demethylates H3K36 in the asexual and sexual life cycle

stages.

Accumulating evidence demonstrates that such epigenetic regulators are essential drivers of the
transcriptional reprogramming necessary for cellular differentiation (230, 348, 395, 404).
Accordingly, for P. falciparum gametocyte differentiation, the role of H3K36me2&3 in governing
the transcriptional shifts coinciding with the transition from early differentiation to intermediate
gametocyte development that was previously alluded to (94, 133) was confirmed here. The
H3K36me2&3-associated repression of genes involved in asexual proliferation-related processes
(e.g. DNA replication), does indeed attest to the influential role of H3K36me2&3 at this transition
point. Additionally, the enrichment of genes that are upregulated under conditions of lysoPC
depletion links H3K36me2&3 with the parasite’s earliest responses to the environmental cue for
sexual commitment (84). Specifically, an exclusive association is distinguished between
H3K36me2&3 and the post-commitment repression identified previously for hp1 and ap2-g (94,
117) and as such, the data presented here provide the first insights into the mechanisms that

govern the regulation of these genes in differentiated gametocytes (94, 117).

While H3K36me2&3 were identified as functionally independently of other regulatory
mechanisms in this study, an association was detected between these histone PTMs and AP2-G2
regulation in gametocytes as reported previously for asexual parasites (92). Additionally, a link

was identified between H3K36me2&3 and the formation of heterochromatin in early

115

© University of Pretoria



gametocytes in accordance with similar observations in other organisms (379, 405, 406).
Accordingly, ML324 is shown to disrupt the normal methylation of H3K36 and H3K9 with the
increased activity of ML324 in late gametocytes previously associated with the hypermethylation

of the latter of these two histone PTMs (212, 357, 389).

Ultimately, this chapter documents the transcriptional repression associated with H3K36me2&3
enrichment that occurs largely independently of other mechanisms described to date for P.
falciparum parasites. Importantly, an exclusive association between H3K36me2&3 enrichment
and hpl and ap2-g was identified, thereby providing the first insights into the mechanisms
governing the regulation of these genes in the post-commitment, terminally differentiated

gametocytes.
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Chapter 4

Comparative investigation of histone methylation patterns during Plasmodium

falciparum gametocyte development

4.1 Introduction

Histone PTMs have been the subject of great interest and extensive research since the very first
postulation of a possible transcriptional role for histone methylation and acetylation in 1964
(407). In the years proceeding this initial discovery, a large body of evidence has accumulated
showing that histone PTMs do indeed regulate gene expression and also influence chromatin
organisation and the repair and replication of DNA (408). Furthermore, dysregulation of the
deposition and removal of histone PTMs or the disruption of the interactions with reader proteins
are associated with cancer, psychiatric conditions and autoimmune and neurodegenerative
diseases, attesting to the crucial nature of these epigenetic regulators for normal cellular function
(352, 409, 410). Nevertheless, most studies of epigenetic regulation are accompanied by the
acknowledgement of the improbability that the factor of interest functions in isolation or even
with only a few interacting partners (411). Rather, epigenetic regulation is thought to be an
immensely complex, interactive network of histones and their variants, PTMs and reader
complexes. Histone reader complexes consist of combinations of chromatin modifying enzymes,
transcription factors and even other histone PTM writers and erasers (412). Thus, while it is
important to study each epigenetic factor in isolation, performing comparative investigations to

examine the networks in which the factor functions are essential (412).

The idea of combinatorial epigenetic modifications and regulators was first proposed as the
histone code hypothesis in the early 1900s. However, due to challenges associated with proving
histone PTM co-existence and the functional relevance of this, the hypothesis lacks the same
degree of experimental support that is available for individual histone PTMs (411, 413).
Antibodies used in combinatorial histone PTM analysis can also be problematic for two reasons:

1) recognisable epitopes usually consist of single modifications and 2) neighbouring histone PTMs
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may hinder the interaction between the antibody and epitope of interest (414, 415). Despite
these challenges, some progress has been made towards understanding the co-functioning of
histone PTMs and their effector proteins. For example, in embryonic stem cells, mono-
methylated H3K27 and H3K36 have been shown to coexist on the same histone
(H3K27mel1K36mel combination) and exhibit bidirectional crosstalk (416). Additionally,
H3K36me3 is known to antagonise the subsequent methylation of H3K27mel by reducing the
efficiency of the writers that synthesise the H3K27me2&3 states (238, 417). Although all four of
the possible combinations of di- and tri-methylated H3K27K36 have been observed in mouse
embryonic stem cells (418), these combinations are rarely detected in other organisms. Rather,
several reports indicate H3K27K36 with higher states of methylation do not co-exist on the same
histone (405, 406) and furthermore have confirmed that, the presence of these di- and tri-
methylated residues inhibits the writer/s of the other (417, 419, 420). In addition to this and
similar to what we observed for the stage Il gametocytes (see Chapter 2 section 2.3.4), many
studies in other eukaryotic organisms have identified the independent patterns and networks of
H3K9me3 and H3K27me2&3 enrichment (237, 421-423) with these both particularly important
for defining appropriate chromatin states during cellular differentiation (424, 425). In this way,
these histone PTMs create negative feedback loops that sustain the discrete chromatin
environments and thereby promote appropriate gene expression patterns that are required for
normal cellular differentiation and function (425, 426). Similarly, in multiple myeloma, the over-
expression of an H3K36-specific HMT leads to a global increase in H3K36me?2 levels and reduction
of H3K27me3 followed by aberrant cell proliferation and invasion (427). This supports
independent functions and the requirement for consistently maintained levels of the highly

methylated states of H3K27 and H3K36 for cellular homeostasis

In addition to a role in determining cellular identity, histone methylation is also involved in driving
sex determination in eukaryotes (428, 429). Both H3K27me2&3 and H3K36me2&3 are known to
be important determinants in sexual differentiation in a variety or organisms (429-432). For
example, the temperature-dependent and sexually dimorphic demethylation of H3K27me3
promotes the transcription of genes required for male development in the turtle species T.

scripta with the genetic disruption of the responsible H3K27-specific HDM sufficient to induce
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male-to-female reversal (432). Sexual differentiation in Drosophila is heavily dependent on
H3K36me3 to recruit the male-specific lethal (MSL) complex that enhances the expression of

genes required for male development (430, 431).

In Plasmodium parasites, histone PTM combinations have been identified with certain of these
implicated as important regulators of transcription. As for individual modifications, histone PTM
combinations are dynamic with characteristic subsets of these defining each asexual and sexual
life cycle stage (219, 324, 325). For example, H3K9me1/2/3K14ac and H4K8acK12acK16ac are
among several validated combinations that are present in the asexual parasites and gametocytes,
respectively (219, 324, 325). For combinations identified and validated by stringent mass
spectrometry profiling in P. falciparum parasites, the greater proportion (61%) is associated with
increased abundance in the gametocyte stages compared to asexual parasites (324). This
suggests that these combinations may be involved in generating distinct differentiation-specific
programs in gametocytes. Of note, is the presence of H3K27melk36mel, detected by both
guantitative bottom-up (shorter peptides) (324) and middle-down (longer peptides) (325)
proteomics approaches. This particular combination is distinctly abundant in the late gametocyte
stages and exhibits a strong positive crosstalk, contrasting with the absence of this combination
in the early gametocyte stages (324, 325). As H3K27mel is associated with transcriptional
activation both individually (238) and when in combination with H3K36mel (433) in higher
eukaryotes, the increased abundance of H3K27mel1K36mel in late gametocyte stages may be
involved in the activation of genes required for transmission to the vector. Interestingly however,
the synchronous increases in H3K27me2&3 and H3K36me2&3 abundance in the stage Il
gametocytes do not correspond with the presence of these histone PTMs in combination (324,
325). Aside from the detection of H3K27me3K36me2 exclusively in the schizont stages by
bottom-up proteomics, other combinations consisting of the higher methylated states of
H3K27K36 have not been identified in Plasmodium parasites (325), in line with the scarcity of
these combinations in other eukaryotes (420, 433). This therefore suggests that H3K27me2&3
and H3K36me2&3 are unlikely to be present on the same histone and is predictive of discrete,

exclusive regulatory roles for each of these histone PTMs in the stage Il gametocytes. It was
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therefore of interest to examine the similarities and contrasts in the genome-wide enrichment

and functional relevance of H3K27me2&3 and H3K36me2&3.

In this chapter, the individual functional roles of H3K27me2&3 and H3K36me2&3 are delineated
through integrative genome-wide analyses that indicate these histone PTMs are independent
and predominantly repress unique subsets of asexual stage-related genes, thereby each
contributing to the silencing of obsolete processes in gametocyte differentiation. The smaller
subset of genes that are associated with both H3K27me2&3 and H3K36me2&3 enrichment
exhibit a greater degree of transcriptional repression compared to either of the histone PTMs
alone. Since a single histone is unlikely to be highly methylated at both H3K27 and H3K36
simultaneously, the apparent presence of these histone PTMs at the same genomic region may
reflect their mutually exclusive existence on adjacent nucleosomes or asymmetrically modified
nucleosomes with these specifying a unique biological outcome. Finally, sex-related biases in
histone PTM enrichment are identified and are proposed to be linked to sex-related

transcriptional regulation in stage |l gametocytes.
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4.2 Materials and methods

4.2.1 ChiP-seq data meta-analysis and integration

For this comparative analysis, the ChIP-seq data sets generated in Chapters 2 (section 2.3.3) and
3 (section 3.3.1) for H3K27me2&3 and H3K36me2&3 were used. Only those genes with
significant enrichment (MACS2 peaks identified with g-value <0.05 in both biological replicates)
of the histone PTMs identified in Chapter 2 (sections 2.2.9 and 2.3.3) and 3 (sections 3.2.9 and

3.3.4) were included with all data from both biological replicates included in analyses.

4.2.2 Integration of histone PTM, gene expression and functional enrichment data

In order to identify unique gene expression trends associated with the histone PTMs of interest,
ChiIP-seq data were integrated with the same microarray gene expression time course data set
(94) used throughout Chapters 2 (section 2.3) and 3 (section 3.3). These DNA microarrays were
performed using the same clonal strain of NF54 P. falciparum parasites that was used for ChIP-
seq experiments. For gametocyte sex-specific analyses, differential transcriptomes were
obtained from a publicly available gene expression set with this data also generated using a
parasite strain from an NF54 background (125). Gene ontology (biological process) and metabolic

pathway enrichment analyses were performed in PlasmoDB using a P-value cut-off <0.05.
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4.3 Results

4.3.1 H3K27me2&3 and H3K36me2&3 are independently enriched in stage Ii

gametocytes

To compare the patterns of H3K27me2&3 and H3K26me2&3 in P. falciparum gametocytes, only
those sites identified in Chapters 2 (section 2.2.9) and 3 (section 3.2.9) to have significant
enrichment (MACS2 peaks with g-value <0.05 present in both biological replicates) for
H3K27me2&3 and H3K26me2&3 in the pre-stage Il, stage Il and post-stage |l gametocytes
(isolated on days 2, 4 and 7 of gametocyte development, respectively, see section 2.3.1) were
assessed. As the pre-stage Il gametocytes had only a single biological replicate for H3K36me2&3,
the enrichment of these histone PTMs could not be determined for this stage. However,
H3K27me2&3 enrichment was identified in the pre-stage Il gametocytes and is present across a
larger number of sites (231 and 262, respectively) compared to these histone PTMs in post-stage
Il gametocytes (5 and 5, respectively) (Figure 4.1). This depletion of H3K27me2&3 in the post-
stage Il gametocytes contrasts with a number of sites that are enriched with H3K36me2&3 (105
and 214, respectively). Comparatively, in the stage Il gametocytes, H3K27me2&3 are more
frequently enriched compared to H3K36me2&3 (1795 vs. 1302 sites, respectively) (Figure 4.1).
Together, these results suggest greater functional relevance for H3K27me2&3 in earlier stages of

gametocyte development.
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Figure 4.1: Comparative analysis of H3K27me2&3 and H3K36me2&3 enrichment during early and intermediate
gametocyte development. (a) Pre-stage Il (pre-ll), stage Il (stg Il) and post-stage Il (post-Il) gametocyte samples were
harvested on days 2, 4 and 7 of gametocyte (GC) development, respectively. ChlP-seq was performed to identify

the numbers of sites significantly enriched (g-value <0.05) with H3K27me2&3 or H3K36me2&3 in each population.
Significant sites are associated with MACS2 peaks that were present in both biological replicates.

4.3.2 Independent regulation by H3K27me2&3 and H3K36me2&3 in stage |I

gametocytes

Next, the identities of the H3K27me2&3- and H3K36me2&3-enriched gene sets were compared
following the classification of genes based on the position of the histone PTM enrichment as
before. In the stage Il gametocytes, H3K27me2&3 and H3K36me2&3 enrichment have distinct
distributions across the genome (Figure 4.2a). This exclusivity is more prominent for genes with
enrichment concentrated upstream of TSSs with 80% and 71% of the H3K27me2&3- and
H3K36me2&3-enriched sites (compared to 55% and 51% of CDRs, respectively) independently
associated with the respective histone PTM. Nevertheless, small proportions genes (27% of CDRs
and 13% of upstream regions) are associated with enrichment for both H3K27me2&3 and
H3K36me2&3. An independent validation by differential binding analysis of the peaks used to
derive the enriched gene sets confirm these results and indicate an overlap of only 19% of
H3K27me2&3 and H3K36me2&3 peaks in the stage Il gametocytes. As these PTMs are unlikely
to co-exist on the same histone, this overlap may arise from the presence of H3K27me2&3 and

H3K36me2&3 on nearby or adjacent nucleosomes in the chromatin of stage Il gametocytes with
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these loci referred to as “bivalently enriched” hereafter. Although the histone PTMs of interest
enrich far fewer genes in the post-stage |l gametocytes, the lack of overlap between the
H3K27me2&3- and H3K36me2&3-enriched sets (Figure 4.2a) suggests that such bivalent

enrichment of genomic loci is a stage Il gametocyte-specific trend.

Next, the transcriptional fingerprints of genes with bivalent enrichment were compared to those
only enriched with either H3K27me2&3 or H3K36me2&3. For this, the same publicly available
gene expression data set (94) that was used throughout Chapters 2 and 3 was leveraged and
contained corresponding expression values for the vast majority (98%) of the histone PTM
enriched gene sets. The stage Il gametocyte-specific transcriptional repression of genes with
H3K27me2&3 enrichment upstream of TSSs (see section 2.3.3) is exceptionally similar to that
associated with H3K36me2&3 (see section 3.3.2). Specifically, the transcription profiles of genes
independently enriched with H3K27me2&3 or H3K36me2&3 are almost indistinguishable from
one another on days 2 to 6 development (Figure 4.2b) on which stage |l gametocytes are present

in culture and exhibit a peak abundance of these histone PTMs (133).

Interestingly, bivalent enrichment of genes with H3K27me2&3 and H3K36me2&3 corresponds to
a greater, cumulative degree of transcriptional repression (average log,FC = -0.9) than either of
the two histone PTMs alone (average log,FC = -0.45 and -0.48 for H3K27me2&3 and
H3K36me2&3, respectively) (Figure 4.2b). Additionally, the transcriptional repression associated
with both the independently and bivalently enriched gene sets continues beyond day 6 of
development when stage Il gametocytes are no longer present. Most genes with independent
(100% and 95%, respectively) or bivalent (91%) enrichment for H3K27me2&3 and H3K36me2&3
in the stage Il gametocytes do not preserve this association into the post-stage Il gametocytes,
suggesting that these histone PTMs are involved in the primary establishment, but not

maintenance, of the longer-term transcriptional repression of these genes.
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Figure 4.2: Independent transcriptional regulation by H3K27me2&3 and H3K36me2&3 in stage Il gametocytes. (a)
Comparison of H3K27me2&3- and H3K36me2&3-enriched (significant peaks, g-value <0.05 present in both
biological replicates) coding regions (CDRs) and regions upstream of TSSs in the stage Il and post-stage |l gametocytes
with values represting the number of genes per category. (b) Average gene expression (log2Cy5/Cy3) levels on days
0to 8 of gametocyte (GC) development for genes that are independently enriched with either H3K27me2&3 (yellow)
or H3K36me2&3 (blue) or bivalently enriched (grey) either upstream of their TSSs or within the CDRs in stage Il
gametocytes. (c) Average gene expression (log2Cy5/Cy3) levels on days 0 to 8 of gametocyte (GC) development for
genes that have enrichment of H3K27me2&3 only (yellow) or H3K36me2&3 only (blue) either upstream of their TSSs
or within the CDRs in the post-stage || gametocytes.
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CDRs enriched with H3K27me2&3 in stage |l gametocyte are generally not expressed during early
and intermediate gametocyte development in contrast to the H3K36me2&3-enriched CDRs that
have low levels of transcription across this timeframe (Figure 4.2b). This is congruent with the
transcriptional permissivity or expression of CDRs enriched with H3K36me2&3 and a lack of such
non-repressive functions for H3K27me2&3 in both Plasmodium and other eukaryotes (205, 206,
434). Interestingly however, the bivalently enriched CDRs are repressed, and to a greater degree
than those exclusively enriched with H3K27me2&3, from day 2 of development and onwards
(Figure 4.2b). Ultimately, this indicates that in Plasmodium parasites, as in other organisms (377,
418, 420), the regulatory effects of histone methylation are additionally dependent on their

proximity relative to other independent histone PTMs.

In the post-stage Il gametocytes, H3K27me2&3 and H3K36me2&3 are both independently
associated with transcriptional repression, irrespective of whether the CDRs or regions upstream
of the genes are enriched (Figure 4.2c). Genes with upstream enrichment of H3K27me2&3 in the
post-stage Il gametocytes are repressed following a peak in transcript abundance on day 4. As
none of these genes are associated with histone PTM enrichment in the preceding stage Il
gametocytes, this may reflect a functional relevance for H3K27me2&3-associated transcriptional
regulation in post-stage Il gametocytes. Nevertheless, the small number of genes (four) for which
this trend is observed suggests a negligible effect on the transcriptional environment compared
to the extensive repression associated with H3K27me2&3 enrichment in the stage |l

gametocytes.

Taken together, these results suggest that although H3K27me2&3 and H3K36me2&3 are both
repressive, they function non-redundantly and predominantly regulate unique subsets of genes
in stage Il gametocytes. Furthermore, at a small subset of loci in the stage Il gametocytes,
H3K27me2&3 and H3K36me2&3 enrich nucleosomes in close proximity, generating a bivalent

state of enrichment that is associated with enhanced transcriptional repression.
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4.3.3 H3K27me2&3 and H3K36me2&3 independently regulate discrete biological

pathways during gametocyte development

As H3K27me2&3 and H3K36me2&3 are largely associated with the transcriptional regulation of
independent gene sets in stage Il gametocytes, we sought to determine if this translates to the
regulation of discrete biological processes and pathways. To do so, gene ontology and metabolic
pathway enrichment analyses were performed for genes independently enriched with
H3K27me2&3 and H3K36me2&3 or bivalently enriched for these histone PTMs. The minor
proportion (13%) of bivalently enriched genes are significantly associated with the asexual
parasite-related processes of cytoadhesion (P = 8.73e%°), polyamine biosynthesis (P = 1.29¢e™#)
and haem metabolism (P = 0.038) (Figure 4.3 and Appendix: Table S17), indicating a role for
bivalent H3K27me2&3 and H3K36me2&3 enrichment during the switch from early gametocyte

differentiation to intermediate development.

By deconvoluting the gene sets that are independently enriched with either H3K27me2&3 or
H3K36me2&3 in the stage Il gametocytes, the individual functional relevance of each histone
PTM could be assigned with greater clarity and certainty. Genes enriched only with H3K27me2&3
in the stage Il gametocytes were significantly associated with fatty acid oxidation (P = 0.001),
choline biosynthesis | (P = 0.006), glycolipid metabolism (P = 0.028) and glycolysis (P = 0.038)
(Figure 4.3 and Appendix: Table S17), indicating an important regulatory role for H3K27me2&3

early-stage gametocyte metabolism.

By contrast, processes with significant links to H3K36me2&3-enrichment are less biased toward
metabolism (only choline biosynthesis Ill, P = 0.002) and more towards the early differentiation-
related processes (58) such as the translocation of proteins into the host erythrocyte (P = 5.794).
Finally, both H3K27me2&3 and H3K36me2&3 are independently and significantly (P = 0.027 and
P =0.017, respectively) associated with chromatin organisation (Figure 4.3 and Appendix: Table
S17) in the stage Il gametocytes with this further dissected in the next section. Together, these
results indicate that the transcriptional repression associated with genes independently enriched
with H3K27me2&3 and H3K36me2&3 does indeed translate into different biological pathways

and processes.
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Figure 4.3: Functional classification of genes enriched with H3K27me2&3 and H3K36me2&3 in stage Il
gametocytes. Genes independently enriched with H3K27me2&3 or H3K36me2&3 or bivalently enriched with these
histone PTMs in stage Il gametocytes are significantly associated (P-value <0.05) with the biological processes and
metabolic pathways as indicated. The number of enriched genes is shown on each bar and is expressed as a
percentage of all genes associated with the term or pathway in P. falciparum parasites. Legend: PA = polyamine;
biosynth/bios.. = biosynthesis; org. = organisation; t/l prot. = translocation of protein; GL = glycolipid; metab. =
metabolism; FA = fatty acid.

4.3.4 Independent transcriptional repression of chromatin modifying factors by

H3K27me2&3 and H3K36me2&3 in stage Il gametocytes

Given the well-documented importance of chromatin organisation for eukaryotic cellular
differentiation (435-437), the significant links between H3K27me2&3 and H3K36me2&3
enrichment and chromatin regulation in the stage Il gametocytes were evaluated in greater

detail. In stage Il gametocytes, this association between H3K27me2&3 and chromatin regulation
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arises from the independent enrichment and repression of several important chromatin factors
including three lysine-specific HMT-encoding genes: set2 (methylates H3K36), set7 (methylates
H3K4, H3K9 and H3K27) and set10 (deposits H3K9me3) and two DNA helicases: iswi and snf2/
(Table 4.1). Furthermore, chromatin regulators that function during asexual parasite
proliferation (e.g. 14-3-3I interacts with CDPK1 to regulate asexual parasite growth) (438) and
sexual commitment (e.g. HDA1) (134) are also independently enriched and repressed by
H3K27me2&3 (Table 4.1). The link between H3K27me2&3 and such high-order regulators of life
cycle progression illuminate the extensive importance of H3K27me2&3 for gametocyte

development.

Key components of four out of the five quantitatively identified epigenetic reader complexes in
P. falciparum parasites are enriched and repressed by H3K27me2&3 in the stage Il gametocytes
(Table 4.1). These include BDP2 (PF3D7_1212900) and PF3D7_1124300, both components of the
BDP1/2 reader complex as well as PF3D7_1402800 of the GCN5/ADA2 complex that closely
resembles the core module of eukaryotic HAT/SAGA-like complexes (213). The gene encoding
PHD1 (PF3D7_1008100) is similarly enriched with H3K27me2&3 (Table 4.1) with this protein

likely involved in recruiting reader complexes that positively influence transcription (213).

Likewise, independent H3K27me2&3 enrichment and repression occurs for several genes
encoding components of two other P. falciparum reader complexes while others show this
association exclusively with H3K36me2&3. The BDP4 reader protein complex contains a core
module of several proteins including PF3D7_1128000 and PF3D7_0306100, both H3K27me2&3-
enriched and SWIB (PF3D7_0611400) and CHD1 (PF3D7_1023900) that exhibit independent
enrichment with H3K36me2&3 in the stage |l gametocytes (Table 4.1). The essential
components, PF3D7_0817300 and NAPS belonging to PHD2/SAGA, a second SAGA-like reader
complex described in P. falciparum (213), are independently enriched with H3K27me2&3 and
H3K36me2&3, respectively. Functional data available for GCN5/ADA2 and BDP1/2 indicate these
complexes are recruited to positively influence transcription at H3K4me2&3-enriched sites (213,
439), suggesting that the repressive actions of H3K27me2&3 and H3K36me2&3 are compounded

through the enrichment and repression of transcriptional activators in the stage Il gametocytes
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Table 4.1: Chromatin regulators

independently enriched and

H3K27me2&3 or H3K36me2&3 in stage Il gametocytes

repressed by either

Gene Protein product Function References
H3K27me2&3
PF3D7_0818200 14-3-31 H3S28ph reader, CDPK1 binding (216)
PF3D7_1472200 HDA1 HDAC (52, 86)
PF3D7_0624600 ISWI DNA helicase (440, 441)
PF3D7_1104200 SNF2L DNA helicase (52, 200)
PF3D7_1322100 SET2 HMT (H3K36me2&3) (200, 205, 442)
PF3D7_1115200  SET7 HMT (H3K4 and H3K9) (200, 210)
PF3D7_1221000 SET10 HMT (H3K4me3) (200, 211)
PF3D7_1212900  BDP2 BDP1/2 (213, 214, 443, 444)
PF3D7_1124300 - H3K4me2&3 binding; BDP1/2 (213, 444)
PF3D7_1008100 PHD1 Recruit BDP1/2 and GCN5/ADA2 to ac histones (213, 443)
PF3D7_1402800 - GCN5/ADA2 (213, 443)
PF3D7_1128000 - BDP4 (213, 443)
PF3D7 0306100 - BDP4 (213, 443)
H3K36me2&3
PF3D7_1014600 ADA2 Transcriptional co-activator; GCN5/ADA2 (213, 439)
PF3D7_1220900 HP1 Heterochromatin formation (89, 209, 227)
PF3D7_1203700  NAPL  Histone chaperone (192, 445)
PF3D7_0919000 NAPS Histone chaperone; PHD2/SAGA (192, 213, 445)
PF3D7_0817300 - PHD2/SAGA (213, 443)
PF3D7_1023900 CHD1 DNA helicase; BDP4 (200, 443)
Pf3D7_0611400 SWIB Chromatin remodelling at var genes; BDP4 (446)
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H3K36me2&3 also independently enrich and repress the histone chaperones, naps and napl
(PF3D7_1203700) (Table 4.1) that have been described as the nucleosome assembly motors of
the parasite (192, 445), indicating the involvement of the histone PTMs in suppressing
nucleosome formation in stage Il gametocytes. Furthermore, H3K36me2&3 enrich the gene
encoding ADA2 (PF3D7_1014600), a transcriptional co-activator that potentiates
acetyltransferase activity within the GCN5/ADA2 reader complex at sites modified with H3K4me3
(213, 439). In addition to being a core component of the BDP4 reader complex, SWIB is also a
known regulator of var gene expression (213, 446). This enrichment of swib aligns with the
repression of other immune evasion-related processes by H3K36me2&3 in the stage Il
gametocytes (446). Finally, the independent enrichment of hpl (Table 4.1) indicates that
H3K36me2&3 not only antagonise transcriptional activation but also play a role in regulating

additional repressive mechanisms.

4.3.5 Differential enrichment of sex-specific genes with H3K27me2&3 and

H3K36me2&3 in stage Il gametocytes

Previous studies have identified significant differences between the transcriptomes and
proteomes of male and female gametocytes that dichotomise the sexes in Plasmodium parasites
(125, 447-449). Given the peak enrichment of H3K27me2&3 and H3K36me2&3 in stage Il
gametocytes and the first appearance of male and female morphologies in stage Il gametocytes
(450), we questioned if these histone PTMs may be differentially associated sex-specific
transcriptomes. To investigate this, the stage Il gametocyte-specific H3K27me2&3- and
H3K36me2&3-enriched gene sets were compared with previous transcriptome data that
indicated ~66% of the gametocyte genome is differentially expressed between male and females
(125). Of the genes independently enriched for H3K27me2&3 or H3K36me2&3, 43% and 37%
have sex-dependent transcription in the gametocyte stages (Figure 4.4a). Irrespective of whether
the enrichment is present in the CDRs or upstream of TSSs, relatively small proportions (16%
CDRs and 18% upstream) of bivalently enriched genes have sex-specific expression in

gametocytes (Figure 4.4a). Of the sex-specific genes that are independently enriched with
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H3K27me2&3, relatively similar proportions are differentially expressed in female (46%) and
male (54%) gametocytes. By contrast, the H3K36me2&3 enrichment of sex-specific genes is
male-biased (67%), suggesting a link may exist between H3K36me2&3 enrichment and sex

determination in gametocytes.

Further evaluation of the 174 H3K36me2&3-enriched sex-specific genes revealed a bias in the
position of enrichment and the effect on transcription between gametocyte sexes. Of the 57
female-specific genes, H3K36me2&3 predominantly enrich regions upstream of TSSs (75%) with
this yielding a greater transcriptional repression in stage |l gametocytes compared genes with
enrichment in the CDRs (Figure 4.4b). All H3K36me2&3-enriched and repressed female genes
exhibit a contrasting increased transcript abundance during subsequent development. Such
activation contrasts with the expression patterns of the entire set of H3K36me2&3-enriched
genes for which alternative mechanisms maintain the repression into subsequent development
following the initial enrichment with H3K36me2&3 in the stage Il gametocytes. The distribution
of H3K36me2&3 across male-specific genes is relatively equal with 56 and 61 genes showing
enrichment upstream of TSSs and in CDRs, respectively (Figure 4.4b). Genes with H3K36me2&3
upstream of TSSs exhibit the decreased transcript abundance that is characteristic of genes with
such H3K36me2&3 enrichment at this site (Chapter 3). Crucially however, H3K36me2&3
enrichment in male-specific CDRs is associated with a dramatic increase in transcript abundance
in the stage Il gametocytes (Figure 4.4b). Although a slight increase in average transcript levels
also occurs for the entire set of H3K36me2&3-enriched CDRs (Chapter 3, Figure 3.8), this was
only present for day 4 gametocytes and is substantially less notable when compared to the male-
specific genes only (average log,FC on day 4 of 0.08 compared to 0.44) (Figure 4.4b). Taken
together, these results elucidate independent sex-specific enrichment of H3K27me2&3 and
H3K36me2&3 in P. falciparum stage Il gametocytes. Furthermore, similar to previous
observations of H3K36me2&3 in asexual parasites, this analysis identifies a link between
transcriptional activation and H3K36me2&3 CDR enrichment with results suggesting a potential

bias toward male-specific genes in the stage Il gametocytes.
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Figure 4.4: Independent H3K27me2&3 and H3K36me2&3 enrichment sex-specific genes in stage Il gametocytes.
(a) Genes were first classified based on enrichment as either independently enriched with H3K27me2&3 or
H3K36me2&3 or bivalently enriched with these histone PTMs and then on the position of the enrichment either
upstream of TSSs or in CDRs. For each category, the proportions of sex-specific (differentially expressed in female or
male gametocytes) and non-sex-specific genes (125) are shown. The number of sex-specific genes is shown as a %
of the total number of enriched genes in each category. Pie charts indicate the proportions of independently di- and
tri-methylated H3K27 or H3K36 gene sets that are male- and female-specific. (b) H3K36me2&3-enriched male (blue)
and female (pink) genes were stratified based on the position of enrichment, either upstream of TSSs or within CDRs
with pie charts indicating the number of genes in each category. The expression profiles (log2Cy5/Cy3) (94) of each
category are shown for days 1 to 10 of gametocyte (GC) development. Black dashed box indicates days on which
stage Il gametocytes were present in culture, corresponding with days on which H3K36me2&3 were enriched.
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4.4 Discussion

Many individual epigenetic factors that are involved in transcriptional regulation, DNA replication
and repair and chromatin organisation have been discovered and characterised. However, it is
widely accepted in the field of epigenetic research that these individual components function
within expansive and interconnected networks (142, 149, 185, 189, 314, 315, 451). Thus, while
primary studies usually focus on distilling the individual functionality of epigenetic factors, it is
essential to advance this understanding to include the factor’s contribution within the larger
regulatory network. In this chapter, the functions and networks associated with H3K27me2&3
and H3K36me2&3 were contrasted. This examination indicated that these histone PTMs
predominantly function independently from one another, each contributing non-redundantly to
the transition from early gametocyte differentiation to intermediate development. Specifically,
the independent repression of individual gene sets and epigenetic networks by these histone
PTMs is documented. Together the findings in this chapter demonstrate the conservation of the
characteristic eukaryotic functions of H3K27me2&3 and H3K36me2&3 for gene regulation,
chromatin organisation and ultimately the differentiation of the transmissible stages of the

human malaria parasite.

In Plasmodium parasites, functionally relevant combinations of histone PTMs have been
described previously (133, 219). For example, H3K27mel1lK36mel is abundant in the late
gametocyte stages (325) and has been postulated to be involved in the activation of genes
necessary for the subsequent transmission stages. Despite the peak abundance of the individual
histone PTMs in the stage Il gametocytes, combinations consisting of the higher methylation
states of H3K27 and H3K36 are limited to the presence of H3K27me3K36me2 exclusively in the
schizont stages (324). Accordingly, the vast majority of enriched genes identified here are
independently associated with either H3K27me2&3 or H3K36me2&3, indicating that in stage Il
gametocytes, both of these repressive mechanisms are employed to independently regulate
specific genes and processes and thereby drive subsequent development. Similarly in model
organisms, combinations of H3K27me2&3 and H3K36me2&3 are rarely observed in line with

reports of antagonism between these histone PTMs and the writer protein/s of the other
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modification (417, 419, 420). Furthermore, this indicates that epigenetic regulation of
differentiation in Plasmodium parasites is similarly complex to that in higher eukaryotes (240,

267, 402).

Interestingly, chromatin regulation in the stage Il gametocytes is significantly associated with
both H3K27me2&3 and H3K36me2&3, with these links arising from independently enriched gene
sets. In model eukaryotes, similar observations have been made, with each of these histone
PTMs autonomously contributing to chromatin regulation (349, 418, 452, 453). Indeed, we find
H3K27me2&3 and H3K36me2&3 independently repress components of several key epigenetic
reader complexes in P. falciparum parasites. These include enrichment and repression of
components of the GCN5/ADA2 complex which resembles the HAT/SAGA complexes (213) that
play central roles in eukaryotic transcriptional regulation (454, 455). Additionally, H3K27me2&3
enrich and repress the genes encoding PHD1 and the DNA helicases, ISWI and SNF2L. Based on
its frequent and strong association with reader complexes and the presence of critical residues
for modified histone binding, PHD1 presents the most likely candidate involved in recruiting
BDP1/2 and ADA2/GCNS5 to their sites of activity in Plasmodium parasites (213). In higher
organisms, PHD domain-containing enzymes recognise unmodified and methylated histones
(456) with PHD1 specifically characterised as a reader of H3K4me3 (457, 458). Likewise, H3K4me3
has been predicted to be the site of recognition for PHD1 in P. falciparum (213). Regarding iswi
and snf2l, the expression levels of these genes are highly correlated with lysoPC depletion and
the de-repression of ap2-g during commitment (84, 91). In model organisms the SWItch/Sucrose
Non-Fermentable (SWI/SNF) complexes, containing subunits homologous to the Plasmodium
iswi and snf2l, antagonise transcriptional repression by directing HATSs to this site (459, 460). This
shows the independent involvement of H3K27me2&3 in the subsequent silencing of these drivers
of commitment once gametocytogenesis ensues. The repression of such transcription enhancing
proteins and complexes (211, 439) demonstrate that H3K27me2&3 and H3K36me2&3 are not
only associated with the direct silencing of genes but also augment their genome-wide effects
through the enrichment and repression of gene expression activators. Interestingly, the
mammalian a-HP1 and y-HP1 isoforms influence the levels of H3K27me3 and H3K36me3,

respectively (461) while in Neurospora crassa, fluctuations in HP1 distribution alter the ratio of
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H3K27me2:H3K27me3 (462). Therefore, if HP1 also influences histone methylation in
Plasmodium parasites, the independent enrichment and repression of this protein by
H3K36me2&3 in the stage Il gametocytes would be critical to ensure the correct balances of the
highly methylated H3K27 and H3K36 that are required for the transition to intermediate
gametocyte development. The results presented here show that similar to other eukaryotes
(349, 418, 452, 453), H3K27me2&3 and H3K36me2&3 contribute to the optimisation of

transcriptional environments required for differentiation.

Similar to the variation that is present between male and female gametocyte transcriptomes and
proteomes (125, 447-449), sex-specific differences in the histone PTM landscapes were identified
here. This was particularly prominent for the H3K36me2&3 enrichment bias towards male
gametocyte-specific genes. In higher eukaryotes H3K36me2&3 levels have been demonstrated
to determine sex-specific transcription and drive male differentiation (430, 431). It is therefore
tempting to speculate that by regulating sex-specific transcription, H3K36me2&3 dictate the
bifurcation of male and female gametocyte development. However, it is equally plausible that
the differential H3K36me2&3 enrichment patterns between male and female gametocytes arise
after sex differentiation has been established with this an interesting point for future
investigation. Notably, male-specific H3K36me2&3-enriched CDRs enriched show a marked
increase in gene expression levels. This is the only set of genes that link H3K36me2&3 in the
gametocyte stages with the transcriptional activation, the more common function associated
with these histone PTMs that has been extensively described in model organisms (179, 403) and
P. falciparum asexual parasites (206). Ultimately, these finding suggest that in Plasmodium
gametocytes as in other eukaryotes (463-465), H3K36me2&3 are associated with both the

activation and repression of sex-specific gene expression.

Taken together, the data presented here underscore the importance of histone methylation in
repressing transcriptional activation of irrelevant genes, regulating chromatin structure and sex-
specific transcription in P. falciparum gametocytes. Specifically, this chapter delineates the
independent functions of H3K27me2&3 and H3K36me2&3 for the regulation these processes
and thus for directing gametocyte development in a manner that is characteristic of eukaryotic

cellular differentiation. Ultimately, this study presents the first description of the molecular
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regulators that direct the transition from early gametocyte differentiation to intermediate
development, thereby contributing to a better understanding of the biology of the transmissible

stages of the human malaria parasite.
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Chapter 5

Concluding discussion

Malaria parasites have existed alongside humans for hundreds of years with current evidence
indicating that deaths from P. falciparum infections date as far back as 1324 BCE during the reign
of the ancient Egyptian king, Tutankhamen (466). This affliction remains largely unchanged to
this day with malaria responsible for 409 000 deaths in 2019 (1). Difficulties associated with
preventing and treating malaria include poverty, the rapid development of anti-malarial drug
resistance and an incomplete understanding of the complexities of the Plasmodium parasites
that cause the disease (32, 467). For many vyears, research focused predominantly on
understanding and identifying weak points in the asexual parasite life cycle that could be used
for the treatment of malaria symptoms (32, 358). More recently however, the focus on global
malaria eradication has invigorated and renewed interest in the asymptomatic yet transmissible

stages of the malaria parasite life cycle, the gametocytes (3, 5, 345).

As a result, great strides have been made towards understanding the fundamental biology
underlying Plamsodium gametocyte differentiation and development. For instance, the factors
determining whether parasites continue to proliferate asexually or exit this cycle in favour of
sexual commitment (84, 89, 90) and the mechanisms that drive these fates (52, 86, 92, 116, 117)
have been relatively well studied. Furthermore, genome-wide transcriptional shifts have been
associated with the morphological stage transitions during gametocyte development (94). These
studies lay the groundwork for elucidating the mechanisms responsible for such transitions.
Without a clear grasp of the overarching networks and factors that regulate the Plasmodium
genome and transcriptome, our understanding of fundamental gametocyte biology is

undoubtedly incomplete.

Prior to this study, few epigenetic mechanisms had been examined in the context of gametocyte
development (89, 135, 347). However, the dynamic and extensive transcriptional

reprogramming that occurs throughout gametocyte development alluded to the existence of
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additional epigenetic regulatory mechanisms. Correspondingly, the histone PTM landscape has
been described as plastic with each gametocyte stage characterised by a unique set of histone
PTMs (133). Outside of H3K9me3 (135), neither the spatial distribution nor functional relevance

of these histone PTMs for gene regulation had been explored.

This study sought to examine the spatial dynamics of H3K27me2&3 and H3K36me2&3, histone
PTMs that are almost exclusively present in the stage Il gametocytes (133). We hypothesised
that their abundance in the stage Il gametocytes points to similar functional relevance and
importance for H3K27me2&3 and H3K36me2&3 during P. falciparum gametocytogenesis as in
higher eukaryotic cellular differentiation (233, 293, 370, 376, 381, 468). The stage Il gametocyte
has been identified as a tightly regulated key transition point between early gametocyte
differentiation to intermediate development (94) with the current study providing the first

insights into the mechanisms responsible for this regulation.

In order to generate genome-wide maps of H3K27me2&3 and H3K36me2&3 and identify regions
of genomic enrichment in the stage |l gametocytes, chromatin-immunoprecipitation followed by
high-throughput sequencing was applied. This methodology provides superior resolution, a
wider range of detection and fewer artefacts compared to ChIP-ChIP, the predecessor technology
to ChlIP-seq that used microarrays rather than DNA sequencing to map DNA-bound proteins (297,
469). Additionally, the application of DNA library preparation and sequencing protocols that are
optimised for the low-complexity genome of P. falciparum ensured the limitation of amplification
biases and uneven genomic representation thereby providing sufficient sequencing coverage to

correctly map reads to the genome (470, 471).

The successful use of this methodology was contingent upon obtaining gametocyte samples that
span stage Il development. This ensured the brief window of H3K27me2&3 and H3K36me2&3
abundance was captured while obtaining samples that were still sufficiently divergent to
differentiate the stage Il gametocyte-specific trends. Integrating this ChIP-seq data with gene
expression profiles from the same parasite strain (94) allowed us to, for the very first time,
elucidate the functional relevance of H3K27me2&3 and H3K36me2&3 for P. falciparum

gametocyte development. Specifically, this approach provided nucleosome-level enrichment
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data that were used to generate catalogues of the specific gene sets and biological pathways that
are independently associated with each histone PTM. Such a detailed interrogation of gene-
specific enrichment has distinct advantages over the genome-wide correlation-based method
that have previously been used to assign functional relevance to H3K36me2 in asexual parasites
(258). Unlike in the asexual parasites, H3K36me3-associated repression is not restricted to the
clonally variant regulation of multi-gene families in gametocytes. Rather, we identify a novel
association between H3K36me2&3 enrichment and the repression of a multitude of asexual and

commitment specific genes and processes in stage Il.

Crucially, our ChIP-seq analyses provide evidence for the existence of functional H3K27me2&3 in
Plasmodium parasites which, until recently was debated (258, 367). These data reflect the
previous detection of H3K27me2&3 almost exclusively in the P. falciparum stage 1l gametocytes
by independent quantitative mass-spectrometry methods (133). Furthermore, this supports our
hypothesis of a transcriptional regulatory role for H3K27me2&3 during the transition from early
gametocyte differentiation to intermediate development in a manner that reflects the dynamics

and functions of these histone PTMs in higher eukaryotes (229, 230, 236-238, 243).

We show H3K27me2&3 and H3K36me2&3 are non-redundant and predominantly function
independently from one another and H3K9me3 in Plasmodium parasites further highlighting the
conservation of typical eukaryotic functions. Typically, H3K27me2&3 function is isolation in
other organisms with these histone PTMs predominantly functioning in the early stages of
eukaryotic cellular differentiation (232, 240, 263, 265, 266). By contrast, H3K9me3 is associated
with transcriptional silencing in the later stages of differentiation (262, 263, 266). Interestingly,
we find that the demethylation of H3K27 and H3K36 in the post-stage |l gametocytes does not
lead to increased transcription, rather these genes remain repressed. Therefore, it is reasonable
to postulate that other mechanisms, such as H3K9me3/HP1, that becomes increasingly more
prevalent in the late gametocyte stages (135), are also involved in maintaining the repressive
environment into subsequent development following its primary establishment by H3K27me2&3

and H3K36me2&3 in the stage Il gametocytes.
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Our particular interest in the independently H3K27me2&3 and H3K36me2&3 enriched genes
revealed an intriguing bias towards the enrichment of sex-specific genes in the stage Il
gametocytes. Crucially, we identified a novel link between H3K36me2&3 and male gametocyte-
specific gene expression that is congruent with the sex-specific transcriptional roles that have
described for these histone PTMs in higher eukaryotes (429-431). As such, these data provide
the first association between gametocyte sex-specific gene expression and histone PTMs in P.
falciparum. Furthermore, our postulation that H3K27me2&3 and H3K36me2&3 play pivotal roles

in shaping gametocyte sex-specific biology provides exciting avenues for further research.

The unusual biology of the malaria parasite brings about substantial challenges in applying and
adapting techniques that have been developed in model organisms. Furthermore, even within
the field of Plasmodium research, findings for one species or strain cannot necessarily be
extrapolated to others. Therefore, while the implementation of existing technologies to address
a biological question may be preferable, extensive resources need to be set aside to optimise
these techniques within the organism of interest and laboratory where experiments will be
performed. Unfortunately, the SET2 mutant parasite line generated previously (206) would not
have been useful for this study due to its inability to produce gametocytes. Therefore, the use
of chemical inhibitors was the most effective starting point to investigate histone modifying
enzymes in P. falciparum. The potency and conserved modes-of-action that we identified for
these inhibitors in P. falciparum gametocytes underscores the fundamental nature of epigenetics
and more specifically histone PTMs across multiple kingdoms of life. Through a combination of
global histone methylation and transcriptional profiling of epidrug perturbations, we were able
provide an explanation for the the increased potency of ML324 and JIB-04 against early
gametocytes (212, 472), in addition to providing further support for the functional relevance for
histone PTMs in gametocyte development. By computationally demonstrating the ability of
mammalian epidrugs to inhibit Plasmodium histone modifying enzymes, our application of
molecular docking provided a description of potential novel H3K27-specific HDMs in P.
falciparum. Together with the potency of epidrugs and effect on H3K27 methylation, this
provides additional evidence to support a crucial role for H3K27me2&3 for gene regulation in

Plasmodium. Furthermore, since SET3 does not have substantial homology with other eukaryotic
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HMTs, the identification of this potential writer of H3K27me2&3 provides an exciting starting
point for future investigation that could ultimately lead to the development of transmission-
blocking inhibitors that specifically target P. falciparum H3K27 methylation. Finally, the use of
mammalian epigenetic inhibitors demonstrates the potential of such molecules for use as tools
to examine epigenetic regulation in all organisms. As such, we note that future investigations
will benefit from combining epidrug transcriptional signatures, like those generated here, with
genetic disruption studies to provide greater confidence in the results compared to either of

these two methods alone.

In conclusion, this work demonstrates the functional relevance of H3K27me2&3 and
H3K36me2&3 for transcriptional reprogramming during gametocyte development. In so doing,
we provide the first insights into the regulatory mechanisms that contribute to the transcriptional
shifts during the transition from early gametocyte differentiation to intermediate development.
The findings in this study contribute extensively to a more thorough understanding of
fundamental gametocyte biology which is undoubtedly an essential foundation required for the
discovery and development of novel transmission blocking strategies for malaria. The epigenome
has previously been suggested to be the Achilles’ heel of the Plasmodium parasite with epigenetic
factors proposed to be excellent targets (131, 324). In line with this, we show the importance of
histone methylation and in particular, H3K27me2&3 for the development of gametocytes and
identify a possible H3K27-specific writer that, due to low homology with human HDMs, may
present such a target. Taken together, the data and findings presented in this thesis substantially
advance the current understanding of the mechanisms that regulate gene expression in P.
falciparum parasites and in particular, the epigenetic mechanisms that influence the

development of the transmissible forms of the human malaria parasite.
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